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ABSTRACT 
Our thriving modern society requires unprecedented amounts of natural resources 
to maintain pace with rapidly evolving standards of living in industrialized regions.  Due 
to population growth and wide-scale urbanization, over 3.5x106 metric tons of solid 
wastes are produced daily around the world.  In addition to land, water, and raw material 
strain generated by solid waste dumping, pristine resources are needed for food, energy, 
and potable water — instead being used through waste management.  Reducing landfill 
leachate volume and toxicity while deriving value-added products from leachate is a 
sustainable alternative to traditional solid waste management.  Carbon mass balances of 
biomass grown on salicylic acid and landfill leachate media were derived from batch data 
indicating that aerobic growth was half as efficient as anaerobic growth at converting 
organic carbon into biomass due to its open atmosphere; however, more aerobic biomass 
grew compared with anaerobic studies.  Biomass disrupted by heat shock was found to 
increase methane yield compared to passive methanogenesis.  An aeration-lysis-
fermentation process based on the results was developed into a prototype bioreactor, 
which could hold further potential for mineralizing alternative waste-borne products such 
as organic acids and alcohols.  An open-source, do-it-yourself approach is expected to 
accelerate the research, development, and application of sustainable waste-to-commodity 
concepts, which would benefit individuals with greater degrees of self-sufficiency and 
autonomy through energy independence and by reducing the need for waste management.  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CHAPTER ONE 
  Current Understanding  ....................................... ...................................................
 I.a. Landfills and Leachate: An Introduction  ..........................................................
 Each year, densely populated regions produce millions of tons of solid wastes — 
5.7x106 metric tons (MT) have been produced annually in Malaysia alone since 20121. 
The largest open landfills in the world in China, Seoul, Brazil, and Mexico receive almost 
104 MT a day singlehandedly; globally about 3.5x106 MT of solid waste are produced 
every day2.  Predictions made by Hoornweg et al.2 suggest that upwards of 1.2x107 MT 
of solid waste per day will be produced by 2100, or 9x106 MT for an environmentally-
conscious future society, which can be seen in Figure 1.12. 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Figure 1.1. SSP1 (Shared Socioeconomic Pathway 1) — 7x109 people, 90% urbanization, 
environmentally-conscious; SSP2 — 9.5x109 people, 80% urbanization; SSP3 — 1.35x1010 people, 70% 
urbanization, extreme resource deprivation.  A peak in global solid waste generation is observed for SSP1, 
while others continue to rise.  SSP2 is an extrapolation of current trends.  In SSP2, developed countries 
will peak, while currently undeveloped countries in Africa and Southern Asia will continue to produce 
more waste past 2100 due to delayed industrialization (unequal globalism)1.
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 Many of the compounds present in solid wastes are not inherently harmful but 
may lead to ecological toxicity when concentrated at large sites such as municipal 
landfills which are viewed as undesirable because of various risks they pose to the 
environment3-5.  Our understanding of environmental fate and transport6 has improved 
significantly since engineered landfill usage began which has stimulated the development 
of effective methods for containing both solid waste and Landfill Leachate (LL)3,5. 
Landfill leachate is a complex mixture of compounds that are dissolved or mobilized as 
precipitation percolates through the topsoil of a landfill, which can leak and contaminate 
soil or water if not adequately contained.  Pollutant release into the environment require 
costly and resource intensive remedial measures, can harm multicellular organisms in 
water or sediments6, and place additional strain on resources7.  Building downstream LL 
treatment infrastructure is economically feasible in mature industrialized countries, but a 
more universal alternative could involve a remedy via upstream landfill waste 
interception2.  Developing countries are often either too poor or expanding too rapidly to 
maintain pace with the demands of industrialization and are thereby reliant on ineffective 
waste protocol and design3.  However, as internet accessibility becomes more widespread 
we see greater technological innovation at small scales8, helped in part by free transfer of 
ideas and in part by economic and social advances such as crowdfunding9 and specialty 
engineering forums10. 
 The minimal precautions required to prevent environmental contamination from a 
landfill include proper landfill design, planning and maintenance as well as continuous, 
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on-site characterization of LL — both while active and once the landfill is closed3. 
Engineered landfills are covered daily during operation and lined with artificial or natural 
materials to reduce airborne or surface health hazards and to minimize LL generation, but 
this is not the case in less-developed countries, in South America and Asia, for 
instance1,4,5.  Upon closure, a landfill is covered permanently and the waste is left to 
decompose.  A major fermentation byproduct of the decomposition phase of a landfill is 
methane (CH4), which is produced under a reducing environment, markedly different 
from the environment of a young, aerobic landfill whose primary byproducts are reactive 
organic acids4.  Although anoxia is characteristic of mature landfills, the condition also 
occurs sporadically in younger landfills and is often necessary to completely reduce 
recalcitrant organic compounds4. 
 Landfill leachate is a highly variable mixture of liquid phases and dissolved solids 
that is created when rainfall seeps through a landfill9 and its primary constituents are 
broken down into four main groups, also presented in Table 1.13: dissolved organic 
matter6, inorganic ions, nitrogenous compounds11, metals, and xenobiotic organic 
compounds (XOCs).  Standardized methods, which provide detailed compositional 
information depending on the rigor of testing, are used to audit leachate-water quality and 
ensure regulatory compliance for dumping and landfill maintenance12.  Complete 
characterization of LL is not possible without knowing the precise waste sources for a 
landfill, but decomposition rates6, reduction-oxidation potential13, mobility and 
solubility6 as well as a variety of analytical instruments are used both to infer and 
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quantify contaminant levels and predict long-term 
leachate behavior12.  Landfills can contain waste 
combined from diverse industrial, domestic, and 
commercial sites that are subject to different 
regulations3,4 and host to different lifestyles, such that 
the leachate at individual landfills is somewhat unique 
and is difficult to accurately model14.  The organic 
carbon content of LL has targeted it as a potential 
feedstock for microalgae and bacteria; the presence of 
inorganic ions in leachate, noted in Table 1.1, also 
suggests a potential for mineral recovery via biochemical 
precipitation or other means. 
 The lack of characterization of LL means that 
significant measures should be taken so the compounds 
present in leachate are not released into the environment 
because we do not understand the hazards involved. 
Landfill leachate may leak and contaminate soil or water if inadequately contained, 
which restricts its usability for humans and makes it a potential hazard to multicellular 
sediment-dwelling or aquatic organisms6,7.  The targeted removal of some compounds 
during LL treatment could drastically decrease the risk associated with leaks; for 
example, hydroxylated aromatic acids (phenols) represent a minor fraction of LL but are 
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Analyte Range (mg/L)
COD 140-152,000
Total Solids 2,000-60,000
Inorganic 
Ions 1,000-60,000
BOD5 20-57,000
NOrg 14-2,500
Heavy 
Metals 0.1-1,040
NH4+ 250-430
XOC 1-181
PTOT 0.1-23
pH 3-9.5
Table 1.1 COD — chemical 
oxygen demand; total solids12; 
inorganic ions — Cl-, SO42-, 
HCO3-, Ca2+, Mg2+, Fe, Mn, Si in 
various oxidation states; BOD5 — 
biochemical oxygen demand (5 
day analysis); NOrg — nitrogen 
found in organic compounds; 
heavy metals — As, Cd, Cr, Co, 
Cu, Pb, Hg, Ni, Zn; XOC — 
xenobiotic organic compounds; 
PTOT — total phosphorus.  Table 
adapted from Kjeldson et al.3.
LANDFILL LEACHATE 
COMPOSITION
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exceptional complexing agents — their presence facilitates the mobilization of heavy 
metals3 into groundwater13. 
 I.b. Leachate Treatment Processes and Design  .......................................................
 Wastewater, including LL, is often subjected to resource-intensive hygienic, 
toxicological, or aesthetic pretreatments before being approved for human reuse by the 
EPA or other regulatory body.  To reduce resource investments, LL has been investigated 
as a feedstock for microbial bioprocesses due to its richness in nitrogen, volatile fatty 
acids, trace metals, minerals, and nutrients, all of which may be recovered through 
biochemical redox chemistry or fermentation15,16.  While multicellular organisms are 
sensitive to the potential toxins in Waste Waters (WW), microbes have been observed to 
adapt to some of these toxins as an energy source17.  Mixed microbial consortia are 
commonly used in biological WW treatment due to their low maintenance cost, 
effectiveness,  complex biochemical interactions, and their tolerance for a rapidly 
changing feedstock3,14,17.  Typically, growth-limiting nutrients in LL are iron and 
phosphorus but notable concentrations of these ions occur in anaerobic digester sludge, 
which suggests that co-treatment of LL and anaerobic digester sludge in a single 
bioreactor is possible17 while providing a complete growth medium for optimal biomass 
production, and therefore, fast WW treatment18. 
 The essential water quality improvements necessary to reach LL effluent 
standards include substantial decreases in biochemical oxygen demand (BOD5), chemical 
oxygen demand (COD), and ammonium (NH4+)3,19,20.  Nanofiltration21, sorption, 
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electrocatalysis, and photocatalysis are effective strategies for bioreactor pretreatment, 
because they are able to remove non-biodegradable compounds from the waste stream 
and improve biodegradation rates over unamended biological treatments; however, these 
technologies also impose economic limits through their high cost and production of 
secondary waste3,11,14,22.  Depending on its composition, the secondary waste created 
during pretreatment could be subjected to combustion5 to create elemental carbon and 
recycle materials for activated charcoal sorption3 or graphite for nanofilters21. 
Limitations on reaction kinetics are deciding factors of whether or not an industry will 
adopt a new or alternative technology — it must be effective11,14,17,22.  Since NH4+, NO3-, 
NO2-, and N2 can all be used for energy by chemolithotrophs present in sediments and 
sludge22, nitrogen content and nitrification rates for a bioreactor influence pH and are 
always in flux, therefore, so is the viability of LL as a growth medium6,15; inorganic 
nitrogen species are usually monitored during biological WW treatments23,24. 
 One of the major unused waste products of biological LL treatment is the biomass 
produced by assimilating organic molecules3,17.  Demands on oil reserves are pushing the 
limits of fuel resources, as well as the discovery of new resources; therefore, there is 
interest in producing electricity and energy from LL due to its rich redox chemistry and 
consistent production of fermentation products such as CH422.  Since CH4 is both 
combustible and a more potent greenhouse gas than carbon dioxide (CO2), its generation 
by landfills has been targeted as a possible renewable energy source that could alleviate 
climate change4.  The basis for these hypotheses is that by capturing and combusting 
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CH4, more greenhouse gas potential is mitigated because CH4 is combusted into CO2. 
The CO2 fraction of biogas can be converted into CH4 through a reduction reaction known 
as the Sabatier process — under a reducing environment, CO2 is converted to CH4 and 
water in the reaction below25: 
 (1) CO2 + 4 H2 → CH4 + 2 H2O + energy ∆Hºrxn = −165.0 kJ/mol 
The reaction is exothermic26 and could be used as a heating/cooling system for a 
bioreactor, as well as to improve CH4 yields from LL treatment.  The required H2 for the 
reaction can be synthesized by anaerobic microorganisms, as well as harvested from 
renewable energy sources such as solar or wind power25.  However, the energy demands 
required for a Sabatier reactor25,26 may exceed the energy production potential of a CH4 
bioreactor at some scales, which warrants further investigation into how the CH4 
bioreactor process may be optimized. 
 A microbial fuel cell (MFC) is a combined aerobic/anaerobic treatment system 
that generates electrical current as a byproduct and could be combined with a CH4 
bioreactor to produce energy directly from a variety of WW treatment processes27.  MFC-
like systems have received attention due to the synergistic effects of connecting reactor 
stages in series27: anaerobic treatment alone is usually effective at degrading organic 
acids into CO2 or CH4 but less so at decreasing BOD5 or COD levels, while aerobic 
treatment uses dissolved oxygen (DO) to rapidly degrade organic compounds14 and 
remove nitrogen3.  MFCs can also produce compounds such as hydrogen peroxide 
(H2O2), which is a potent oxidizing compound and anti-microbial that can further 
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accelerate the degradation of organic compounds by producing free radicals28. 
Membrane bioreactors such as the MFC are extremely effective at removing nitrogen and 
organic compounds from leachate while producing biogas29, but are relatively untested 
and require extensive maintenance to prevent fouled membranes11 — an undesirable 
precaution for a system intended to passively grow significant amounts of biomass. 
 Bioelectrochemical cells can be extremely efficient but their effectiveness is pH 
dependent because the conductivity of aqueous solution is also pH dependent28.  A 
biological anode coupled to an oxygen reducing cathode creates a voltage potential 
resulting in H2O2 production from acetate28, which is a volatile fatty acid that is 
ubiquitous in cell signaling pathways and a product of stunted methanogenesis30.  Aerated 
lagoons are a common method of treating LL because they expose a large volume of 
leachate to DO and aerobic microbes, with the assistance of air pumps at the bottom of 
the lagoon1 and often at the cost of large tracts of land.  A continuously mixed flow 
reactor (CMFR) can be used to model both aerated lagoons and lab-scale bioreactors and 
have been shown to be an effective modality for LL treatment3.  From the literature, the 
most effective biological treatment methods for LL are mixed-aerobic/anaerobic reactors 
because they can use both oxygen and organic compounds to catalyze redox reactions and 
provide more complete treatment.  Physico-chemical treatments are also effective but can 
create impractical amounts of secondary waste if used as primary treatment methods for 
highly contaminated WW. 
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 A basic concept for a CH4 bioreactor that could be used to treat LL is proposed in 
Figure 1.2a: an aerobic phase allows microbial biomass to grow; a lysis phase disrupts 
cell membranes of the microbial biomass and releases macromolecules into solution; a 
fermentative phase leads to catabolism of macromolecules into biogas as CH4 and CO2. 
After fermentation, the reactor may be reaerated to allow interfacial oxidative respiration 
and thus begin a second reactor cycle.  The body of research presented in later chapters 
seeks to defend the rationale behind the development and optimization of a new reactor 
concept, which is the intellectual focus of this work.  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Figure 1.2a
A L F
Figure 1.2b
L
F
A
Sediments
Headspace
Wastewater
Figure 1.2a shows a schematic of a mixed aerobic/anaerobic 
CH4 bioreactor as designed during this research.  An aerobic 
growth period (A) is followed by a brief lysis stage (L) and 
subsequent fermentation stage (F), finally cycling back to 
period A.  Figure 1.2b indicates the expected microcosm 
development from a modified reactor design involving non-
discrete reactor stages.  A) At the air/water interface an 
aerobic colony will predominate; L) as cells separate from 
aerobic surface colony they are periodically lysed; F) in 
sediments, anaerobic methanogens will ferment WW 
compounds and macromolecules from L.
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 I.c. Technological Applications and Implications  ....................................................
 Whole cells are not readily fermentable, so lysis is used to enhance 
methanogenetic metabolism of biological macromolecules and increase overall CH4 yield 
as presented in Figure 1.331.  If the enzymes involving methanogenesis are inhibited, the 
primary product of fermentations can change depending on the composition of the 
substrate, into volatile fatty acids for example, which may then be converted into 
hydrocarbons through electrolysis30.  The variety of catabolic pathways that exist for 
biological macromolecule conversion into CH4 indicate that in addition to containing 
essential nutrients, lysed biomass can provide a substrate for a diverse consortium of 
cells31.  In a ruminal model, which essentially reflects an anaerobic digester/bioreactor, 
carbohydrates primarily undergo metabolism to acetate and propionate, proteins are 
fermented to longer chain volatile 
fatty acids at slightly lower yields 
than carbohydrates and nucleic 
acids contribute a small but 
significant amount of volatile fatty 
acids as well31.  From Figure 1.3 it 
c a n a l s o b e s e e n t h a t 
triacylglycerides (lipids) are broken 
down into glycerol and free fatty 
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Figure 1.3 shows the multitude of different fermentation 
pathways to CH4.  Biological macromolecule families, such 
as lipids, carbohydrates, and proteins are fermentable to CH4 
under chemically-reducing conditions.  The formation of 
alternative products can be achieved by manipulating 
metabolic pathways or isolating metabolically-unique 
organisms.  Figure taken from Marchaim31.
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acids, which are de-alkylated primarily to acetate, an important biochemical signaling 
molecule. 
 Disinfection techniques such as ultraviolet (UV) irradiation19,32, halogenation19, 
ultrasonic cavitation33, bead beating34, electro-Fenton35, targeted pathogen infection with 
bacteriophages36, and heat shock34 are used in WW treatment to remove pathogens from 
water, although they do not usually sterilize water completely32-34.  These methods tend to 
cause a fraction of cells to either mechanically shear or induce apoptotic stress depending 
on the intensity of force applied.  As previously discussed, if water is to be reused 
downstream it must satisfy public health standards.  In cases of incomplete disinfection 
photocatalytic DNA repair may also occur which may be a cause for concern37, as well as 
the fact that some disinfection treatments can also react with particulates in the water to 
form toxic compounds such as chlorinated disinfection byproducts19.   
 UV irradiation is effective in late-stage water treatment, but since LL is turbid the 
radiation will not be able to penetrate the suspended solid particles and damage cell 
DNA19.  Ultrasonic cavitation relies on the emission of continuous ultrasonic sound 
waves that physically shear apart organic and biological matter, which is especially useful 
in extracting biomass from algal or cyanobacterial cultures because it creates well-mixed 
microscopic emulsions in the medium38.  Additionally, sonication may provide a method 
of creating free radicals based on the type of ultrasound device used, which can 
significantly improve WW treatment processes38.  Low intensity ultrasound may also 
improve metabolic pathway kinetics and improve production rates for biofuels38.  Bead 
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beating is also used to physically shear cells by grinding them against abrasive materials 
such as glass — often in DNA extraction protocols34.  Autoclaving is a form of heat 
shock, considered to be a standard sterilization procedure34, whereby high pressure and 
temperature completely melts enzymes and disrupts cell membranes15.  Oxidation 
processes are used mainly to degrade recalcitrant compounds but can be costly; however 
the electro-Fenton electrolytic cell requires only electrical input — the electrical potential 
triggers a pH dependent (~3-5) oxidation of water to hydroxyl radicals via propagation 
reactions between ferrous ions and H2O235.  Since LL does not typically contain high 
concentrations of iron, combinations of LL and anaerobic digester sludge could help 
stabilize the medium for electrolysis.  Interestingly, this combination would provide both 
a more robust growth medium for microbes and enable the contaminants within to be 
electrochemically oxidized for a remarkably self-sustaining reactor system17,35.  A newer 
cell disruption technology consists of analyzing the microbiota of WW for pathogens and 
inoculating the WW with bacteriophages for those specific pathogenic taxa, while 
beneficial microbes, those that reduce BOD and nitrogen levels remain unaffected36. 
Compared to disinfection methods, autoclaving biomass should increase methanogenic 
potential by the greatest amount, and provide the greatest amount of experimental control 
because it completely sterilizes solutions34.  However, the requirement of high pressure 
and inefficiency of electrical heating makes integrating an autoclave or a boiling stage 
into a reactor a difficult decision.  Heating may consume a significant amount of the 
energy that would be saved by using a bioreactor as an energy source, so perhaps a 
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method of storing and releasing radiant heat produced by a reactor could be developed as 
an alternative technique.  Some of the disinfection techniques such as electrolysis and 
sonication induce interesting effects in live cells; it may also prove to be beneficial to 
leave some cells alive to regenerate while saving energy in the process35,38. 
 Continuous on-line monitoring is also important for bioreactors and WW 
treatment processes, especially at lab scales where large sampling volumes may 
significantly impact reaction integrity.  The open-source aspect of microcontroller 
platforms such as Arduino allows individuals who are not trained electrical engineers to 
learn and implement new programming methods into their projects by sharing code, 
circuit schematics, and stepwise instructions with other users8,39,40, and develop devices 
that interface with the real world, whether art, hobby, or inexpensive scientific 
instrumentation, including electrochemical sensors41,42.  DO probes are one of the most 
important sensors used in all manner of reactors, but can be quite cost prohibitive.  It may 
be instructive to develop inexpensive, reliable oxygen sensors to enable continuous 
monitoring of COD, BOD5 and DO for reactor progress reports as well as troubleshooting 
reactor designs.  COD can be useful for determining the redox potential for a solution 
when combined with elemental analysis, by way of providing an empirical formula for 
organic carbon linked to a concentration value for oxygen demand for each solution.  Not 
all compounds that are reduced by O2 are biodegradable, so the measurement of BOD5 is 
usually more suitable for quantifying biological treatment processes.  BOD5 protocol 
consists of using a DO probe to directly measure the oxygen concentration of a sealed 
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vessel at the beginning and end of a 5-day period — changes in O2 are controlled with an 
abiotic blank to enable a determination of biological/biochemical oxygen demand.  A 
disadvantage of traditional BOD5 measurement is that the analysis requires a 5-day 
incubation and large sample sizes12.  DO and other dissolved gases are an important 
marker of fermentation progress, and several of the same probes in a single vessel 
provides data as to whether stratification or other nutrient gradients are developing. 
Electrochemical sensors are available or can be made with basic circuits in order to 
construct a probe capable of rough determinations of hydrocarbons, DO, ions and other 
molecules — although an accessory chromatographic/mass spectrometric system to a 
sensor would be helpful in both identifying congeners and homologous compounds, and 
determining their abundance or concentrations depending on data requirements42. 
Electrolytic cells can be created with a 9V battery, graphite electrodes and a solution with 
high ionic strength.  The ability to create open-source scientific instruments from modular 
platforms greatly increases the accessibility of science to individuals, their awareness of 
the environment and of roles they can assume in environmental observation and 
stewardship39.  The effect of increased exposure to “free” knowledge is especially 
important in countries that are still developing, where not all materials are widely 
available and devices cannot always be purchased.  Widespread instrument and data 
accessibility can be used for a variety of projects, including local community projects, 
Engineers without Borders, or even remote data mining and analysis.  Some useful 
functions of geographic information systems (GIS) allow researchers to form 
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groundwater maps, track contaminant migration, monitor and plan infrastructure use, and 
predict the environmental impact of future events by tagging data points with their global 
timestamp and coordinates43,44. 
 GIS is a multidisciplinary platform that can be used in conjunction with concepts, 
empirical equations, and environmental models to visualize the flow of groundwater and 
help to improve waste management engineering, while also serving as a platform for the 
development of remote sensors and data collection systems which could be used to assess 
the complete life-cycles of solid-waste constituents from landfills and treatment plants44. 
Waste input monitoring at landfills, waste-pickup data-entry, adherence to environmental 
regulations, solid-waste life cycle assessments, and encouragement of low-impact 
manufacturing practices are a few ways that disciplines can be linked to help determine 
and regulate the quality and composition of downstream municipal WW and develop 
adaptive treatments based on reliable real-time information45,46. 
 GIS is still a new technology and has room to develop into a diverse field for 
solving engineering problems such as landfill installation, modeling contaminant 
migration, and determining health or environmental risks, all based on layered 
environmental data.  In the field of public health, where WW quality can significantly 
affect drinking water quality, pathogens can be monitored via culturing or genomic 
sampling efforts and tracked geographically to prevent epidemics46.  Developing areas 
such as Ghana44 or India46 are beginning to adopt GIS because it can be more readily 
integrated into nascent infrastructure than a fully developed waste management economy, 
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and because the availability and quality of water in those regions significantly impacts 
quality of life44,46 — the quality of water is often taken for granted in developed 
countries. 
 I.d. Microbial Communities in Leachate  .................................................................
  The heterogeneous nature of solid waste and the variability of LL from site to site 
has proven to be a major obstacle in understanding the chemistry and microbiology of 
landfills47.  However, as analytical tools advance in sensitivity and extraction protocols 
are optimized to improve efficiency, we are beginning to understand these previously 
elusive aspects of landfills47.  Many ecological studies have focused on amplifying 
extracted DNA templates from leachate samples via polymerase chain reaction (PCR), 
which can create amplification bias against certain taxa based on the primers used47. 
Targeting the small subunit of the rRNA genes of microorganisms with 16S and 18S 
oligonucleotide primers has shown that the LL microbiota is similar to that found in 
ruminants, again supporting the anaerobic digester model of landfills47.  A number of 
previously uncharacterized taxa of Archaea were found to be present in leachate, which 
also consisted primarily (~80%) of Bacteria, and eukaryotic fungi — however, this 
composition varied even between two sites on the same landfill47.  One major concern 
with WW treatment is the proliferation of novel pathogens, which may be able to spread 
through waterways if containment infrastructure is breached36.  As discussed previously, 
several disinfection techniques exist for removing pathogens, but knowing the microbial 
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community allows for a targeted approach to disinfection to be used by infusing WW 
with bacteriophages for specific pathogens36. 
 I.e. Sustainability  ......................................................................................................
  One concern about using combustible fuel as an energy source is that it is 
not actually sustainable and contributes to greenhouse gas emissions.  Biofuel and fossil 
fuel are fundamentally different, even though they are composed of similar compounds, 
because fossil fuels are composed of old, sequestered carbon whereas biofuels take in 
atmospheric carbon for energy, i.e. photosynthesis and release it upon combustion. 
Technically the carbon emissions produced in bringing consumable products to market is 
what makes WW biofuels unsustainable.  At landfills, WW treatment plants, even 
livestock farms, CH4 is the major product of biogas, and is also a more potent greenhouse 
gas than CO2.  In some ways, then, CH4 sequestration and combustion is sustainable 
because it reduces greenhouse gas emissions through the equimolar conversion of CH4 to 
CO2, and CH4 will continue to be produced as long as waste  treatment facilities exist. 
Additionally, since CO2 can be converted back into CH4 by the Sabatier reaction or into 
glucose by photosynthetic organisms, carbon emissions may be nearly eliminated by the 
use of a closed reactor system with minimal maintenance. 
 Compared to fossil fuels, biofuels appear to have a lower environmental impact 
because biomass production can be operated under carbon neutral conditions, i.e. biomass 
growth results in the absorption of an approximately equal amount of CO2 as is released 
upon its combustion.  Fossil fuel combustion creates CO2 from carbon that is part of the 
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long-term carbon cycle48, sequestered from the atmosphere for millions of years, whereas 
biofuel takes advantage of the short-term carbon cycle.  The long-term carbon cycle, 
shown in Figure 1.448, consists of separate pathways for the deposition of carbon as 
organic matter and carbonate in sediments, leading to further co-deposition into the 
mantle and the release of CO2 back to the atmosphere48.  Organic matter is the source of 
fossil fuels and is gradually released back to the atmosphere by natural processes, but its 
use as a fuel is significantly accelerating the re-oxidation rate of organic matter48. 
Organic carbon burial creates feedback loops with phosphorus, nitrogen, oxygen, 
temperature and atmospheric CO2 cycles, all of which are significant for the biosphere48. 
 Microbial biofuel does not necessarily require heavy processing like plant-based 
biofuels, which require greater maintenance during growth, consume more resources, and 
create more carbonaceous byproducts than microbes22.  Dedicated biofuel crops require 
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Figure 1.4 — the long-term carbon cycle includes both carbonate 
(inorganic) and organic carbon sequestration.  Fossil fuel extraction 
increases the rate of organic carbon weathering or reintroduction to the 
atmosphere.  Microbial biofuels rely on the short term-carbon cycle by 
sequestering atmospheric carbon and releasing it such that it can be 
considered “carbon-neutral” to some degree.  Figure taken from 
Berner48.
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land, FW and soil nutrients and using food crops for secondary biofuel production also 
strains food resources.     Some plant-based biofuels use inedible portions of plants that 
are tolerant to harsh conditions and grow on barren land; in areas where landfill 
management is nonexistent, plant-based biofuels can act to sequester atmospheric CO2 
and serve as a renewable energy source that relies on the short-term carbon cycle49. 
Extensive biorefinery processes focusing on systems biology — industrial metabolisms 
— are being used to extract the greatest amount of energy possible from plants49. 
Microbial biorefineries may require fewer energy investments than those that are plant-
based49 due to their lack of specialized tissue; coupled with an ability to grow on WW, a 
microbial biofuel refinery would thus improve further upon sustainable fuel technologies. 
Other alternative energy sources such as solar and wind power can be cost-prohibitive 
and currently lack infrastructure and support for extensive implementation, although this 
situation is changing.  Additionally, solar panels currently use a variety of rare-earth 
elements which may be a limit to their widespread use.  Microbial biofuel production 
may appear rather modest in bench-top studies, but when the sheer amount of available 
WW is taken into consideration the overall volumetric CH4 yield of WW may fulfill a 
substantial percentage of fuel demands for a given population.  However, in competing 
with the present fuel industry it is probably necessary for microbial biofuel sources to be 
coupled with bioremediation projects such as WW treatment or contaminated 
groundwater sites in order to gradually increase their desirability and widen their market 
niche17.  In terms of replacing the oil economy with sustainably-sourced fuel, a 
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multidisciplinary approach that uses advanced solar, wind, nuclear, plant- and microbe-
based energy technologies will likely be necessary as well. 
 I.f. Research Goals  ....................................................................................................
Although the methane bioreactor design is still a prototype, the need for reduced 
land area relating to waste treatment is apparent.  A complex medium such as LL can be 
environmentally hazardous and is essentially a stagnant waste product that is not often 
used as a potential resource.  If a solid or liquid waste can be converted into a useful 
product for society, it is inherently valuable and we will see the supply diminish as 
demand for non-potable water resources increases.  If leachate is an effective growth 
medium for microbes, then we can also rely less on plants, animals, and other resource 
intensive agrarian activity for our biomass requirements.  Additionally, current 
infrastructure for leachate treatment storage should be able to be modified in order to 
increase methane yields, as anaerobic storage alone will not degrade recalcitrant 
compounds and bring leachate to a treatable condition. 
Increasingly, as bioreactor designs become more complex, a greater efficiency is 
needed for the technology to remain carbon/investment/energy neutral or positive.  This 
could include recoding sensors to sleep when inactive, creating high-efficiency circuits 
and removing any unnecessary electronic parts that draw current.  Additionally, as reactor 
volume increases the mass of CH4 produced also increases, while the need for additional 
sensors and power input increases only on the order of scale/magnitudes, such that an 
improvement in efficiency may be found simply by using a slightly larger capacity 
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reactor.  Reactor investment and energy return analyses would allow quantitative 
determination of power consumption versus output and expenses versus revenue 
generated.  During January 2015-2016, electricity prices for the entire United States have 
decreased by 0.41cents/kWh (see Figure 1.5)50, which represents an increase in available 
energy reserves, possibly due to the emergence of sustainable or renewable energy 
technologies such as solar, geothermal, wind, nuclear, or biofuels. 
Since CH4 is not extremely valuable (see Figure 1.6)51, the reactor is likely not to 
generate significant revenue at small scales, although it can save on electricity bills by 
generating power/heat from waste.  Some landfills currently sell their landfill gas to 
surrounding manufacturers and residents, and possibly integrating the biomass lysis 
concept into their process would increase CH4 yield.  Other landfills have infrastructure 
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Figure 1.5 presents the average price of energy throughout the 
United States as cents/kWh, and is broken down by sector: 
residential, commercial, industrial and transport.  The x-axis 
represents the cost of energy in cents/kWh, and the y-axis 
categorizes each cost into sectors.  For all sectors combined, 
energy prices have dropped 0.4 cents/kWh in one year since 
January 2015.  Figure taken from US EIA50.
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such as turbines and steam engines to convert CH4 into electricity, which is sold to the 
electricity grid for profit. 
It is important to note that CH4 is not the only energy source that can be produced 
with the bioreactor.  Hydrogen gas, ethanol, butanol, biodiesel and a number of other 
compounds can be produced by fermentation.  The recovery of alternative compounds 
that are more valuable than CH4 such as metals, minerals or more complex organic 
molecules could increase revenue on smaller scales while reducing our reliance on 
mining.  As sustainable practices develop more, the industrial complex will likely begin 
to rely on recovery and cross-industry resource trade and create a new industrial 
ecosystem.  These effects can also manifest on small scales, forming new trade networks 
for communities and generating specialized local industries based on geography and 
culture, i.e. the types of waste their populations produce. 
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Figure 1.6 shows the monthly economic value of natural gas (CH4) in the United States over the 
past 25 years, from April 1991 to April 2016.  As of April 2016, the value of natural gas is 
$2.141/mmBTU (Million British Thermal Unit).  For clarity, 1BTU is equal to ~1.060x10-3MJ 
(megajoule) or 2.9x10-4kWh.  Data are compiled from the New York Mercantile Exchange 
(NYMEX)51. 
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The major outcomes of this research will be (1) a determination of LL as a 
feedstock for microbial growth, and (2) quantification of the kinetics of methanogenesis 
as affected by disruption of biomass grown on leachate.  The data will be used to develop 
a prototype bioreactor that proves the concept of aerobic conversion of WW to biomass, 
followed by cellular lysis and fermentation of lysed biomass.  The economic, social, and 
environmental impacts of an on-site, domestic, sustainable bioreactor will also be 
explored further.  Research directives for the future have also been developed and are 
presented in Appendix B, and have the potential to provide important data in the field of 
sustainable bioprocess engineering.  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CHAPTER TWO 
  Course of Research  ........................................... .......................................................
 II.a Overview  .............................................................................................................
 Prior research in the field of LL treatment suggested that some fraction of leachate 
is recalcitrant while other fractions are readily metabolized by microbes, and that the 
composition of leachate is far from uniform among sites where it is produced or stored. 
Since leachate is not a defined solution, the microbial community at a given site may be 
unique compared to other sites, and more rigorous genomic efforts could be undertaken 
to determine the dynamics of leachate composition and native microbial communities. 
Once the potential for significant transformation of organic carbon into viable biomass 
from WW was realized, LL or sewage began to be studied as a feedstock for the growth 
of microorganisms that eventually treats the waste to a usable condition.  In terms of 
utilizing biomass recovered from WW treatment, lipids have been extracted and used as 
biodiesel.  The observation of methanogenesis in some treatment systems where no 
fermentable substrate was present suggested that degrading, inactive cells can be turned 
into methane by native microbial communities, and that feeding a complete biomass 
fraction to a fermentative culture could increase product yields compared to other biofuel 
manufacturing processes.  
 The rationale for bioreactor development is presented in this chapter through a 
breakdown of experimental design and supported in Chapter III by an analysis of 
relevant data collected from those experiments.  Biomass yield studies were performed to 
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quantify the yield of carbon in a contaminated aqueous substrate, i.e. LL, that was 
transformed into biomass by a native LL culture enriched on salicylic acid (SA) media. 
SA was used as a model for LL in biomass studies in order to simplify methods for the 
biomass quantification.  Landfill leachate was sampled from a storage tank at Twin 
Chimneys Municipal Landfill in Honea Path, SC and used as a feedstock for repeat 
biomass yield studies.  Both aerobic and anaerobic growth conditions were tested based 
on the relative efficacy, in literature, of different reactor types for treating wastes of 
different compositions.  If LL, or other WW, is an effective growth medium for rapid 
microbial growth, a significant increase in the value of the waste has already occurred 
because the niche has the potential to relieve Freshwater (FW) and land demand. 
 Methane yield studies followed the biomass growth studies to determine if 
biomass could serve as a feedstock for a secondary fermentation of free biological 
macromolecules into a value-adding product such as CH4.  Two major sets of 
experiments were carried out to determine the impact of lysed biomass as a carbon 
source.  First, biomass was lysed by autoclaving, sonication, or boiling, and then 
inoculated with a methanogenic culture derived from Mauldin Road Wastewater 
Treatment Plant in Greenville, SC.  Second, lysed biomass was compared to traditional 
sources such as lactate, acetate, carbonate reduction, or passive substrate fermentation, on 
methanogenic kinetics.  Substrate fermentation represents the practice of passive off-
gassing during leachate storage or of methane produced in anaerobic digester sediments. 
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 Supporting data was collected for radiolabeled carbon uptake and transformation 
to determine the extent that analyzable carbon was left in solution, as microbial growth 
proceeded.  Additionally, samples of raw LL, its derivative SA enrichments, leachate 
disinfected by autoclaving, boiling, and sonication, and timepoints from a biomass 
growth study were taken for microbial community analysis to determine the stability and 
composition of a LL microbiota, as well as to set a precedent for future metabolomic 
research that could provide new insights on microbial ecology.  Metabolomics consists of 
HPLC, LC/MS, or GC/MS coupled to genomic analyses, which helps to contextualize the 
relationships between the gene pool of a microbial ecosystem and the chemical 
composition and transformation in the environment. 
 The biomass and methane yield studies served as a foundation for the 
development of a sustainable WW bioreactor.  The bioreactor design was supported by 
the results of aerobic and anaerobic biomass growth and of the kinetics of methane 
production observed in fermentations of lysed biomass.  A bioreactor with a stratified 
oxygen gradient was conceived to perform all three major functions of the bioreactor 
simultaneously: (1) aeration at an air-water interface, forming a microbial biofilm, (2) 
lysis of inactive or loose biomass via Fenton-type electrolysis below surface, and (3) 
fermentation of settled macromolecules by sediment-dwelling methanogens.  The reactor 
could also be programmed to reaerate if necessary, to induce electrolysis once a threshold 
biomass concentration is reached, and to record and plot reactor conditions, sensor, and 
sampling data for large-scale industrial processes.  A number of fermentative pathways 
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exist for the synthesis of complex secondary metabolites, so there is potential for wide-
scale implementation of derivative reactor concepts that could significantly affect 
industrial, economic, and cultural sectors of society. 
II.b Biomass and Methane Yield Studies  ................................................................
 A series of batch aerations and fermentations was performed to determine the 
relationship between biomass growth and substrate depletion in LL.  A synthetic leachate 
composed of FW medium (Appendix A.ii.k) spiked with 1g/L SA was used to enrich 
aerobic and anaerobic microbes from actual LL.  First-order decay was observed in 
preliminary experiments (see Figure 3.1), and suggested the possibility of enriching for 
phenolic-degrading organisms.  Sequential 3% culture transfers (App. A.iii.a) were 
performed with 100mL reaction volumes, as shown in Table 2.1.  Aerobic enrichments 
were shaken at 140rpm on a reciprocal shake table under ambient conditions in a 250mL 
Erlenmeyer flask that was loosely covered with either a Kimwipe or aluminum foil to 
avoid airborne contamination, while anaerobic enrichments were stored in a 30ºC 
incubator.  To prepare anaerobic enrichments, 
97mL of synthetic leachate was added to a 
120mL serum bottle.  The liquid was degassed 
for 30min with N2, capped with a rubber 
stopper, and the headspace was degassed for a 
further 10min.  The sealed bottle was crimped 
and autoclaved prior to storage.  Inoculation 
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Enrichment Name Culture Source
Enrichment #1 Landfill Leachate
Enrichment #2 Enrichment #1
Enrichment #3 Enrichment #2
Enrichment #4 Enrichment #3
LEACHATE ENRICHMENT PROTOCOL
Table 2.1 represents the enrichment procedure 
for developing a mixed culture of salicylate-
degrading microbes.
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was performed by injecting 3mL of culture to the sterilized synthetic leachate bottle 
followed by a light inversion.  Enrichment growth was quantified by High Performance 
Liquid Chromatography (HPLC) (App. A.i.f) to measure degradation of SA over time. 
After near-complete degradation, enrichments were subjected to another 3% transfer. 
 SA batch aerations were performed in triplicate, using 1L Erlenmeyer flasks 
topped with aluminum foil that had been autoclaved on a gravity cycle for 30min.  The 
foil was removed immediately preceding the experiments.  In each flask, 245mL of the 
synthetic leachate was inoculated with 5mL of an aerobic enrichment that was newly 
transferred 2-3 days prior.  Aliquots of 12-15mL were taken periodically from each flask 
for analysis by HPLC, Qubit Total Cell Protein (TCP) assay and Total Suspended Solids/
Volatile Suspended Solids (TSS/VSS) (See also App. A.iii.c and Reference 12 for TCP 
and TSS/VSS, respectively).  The samples were stored at -80ºC for the duration of the 
experiment, typically 10-14d, at which point the analyses were performed.  The flasks 
were shaken at 140rpm as reported for enrichments.  The spent media and biomass was 
decanted into a single 1L bottle and a cell suspension was performed to a final volume of 
20mL. 
 SA batch fermentations were also performed in triplicate, using 0.5L media 
bottles equipped with a 45º spout for sampling, which was sealed with a butyl stopper 
and a crimp cap, in addition to a plastic screw-on cap.  The reactor volume was 250mL, 
with 245mL of synthetic leachate and a 5mL inoculation of the most recent anaerobic 
enrichment culture.  A 10mL aliquot was taken initially and added to an anaerobic 25mL 
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culture tube to quantify CH4 production via GC-FID.  Additionally, 12-15mL samples 
were taken periodically, stored at -80ºC and subjected to the same tests as batch aerations: 
HPLC, TCP and VSS.  Batch fermentations were incubated at 30ºC for the duration of the 
experiments (again, approximately 10-14d).  A simplified diagram of the biomass yield 
study conditions examined is presented in Table 2.2.  Due to the effort involved in 
determining the biomass concentration in leachate studies, the yield of biomass per 
substrate consumed, X/ΔSm/m, that was observed in SA batch studies was used to estimate 
a lower-limit of biomass growth for studies with LL.  The SA batch studies represented a 
single-substrate and were therefore kinetically limited, whereas LL had many organic 
constituents that could be degraded simultaneously by the microbial community.  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Leachate Condition
Oxygen Condition
Anoxic Aerobic
Synthetic X X
Actual X X
Clarified - X
BIOMASS YIELD STUDIES
Table 2.2 shows the matrix of biomass yield studies for 
this research project; experimental conditions are 
described further in the text.  An anoxic yield study of 
clarified leachate was ultimately not performed because 
substantial transformation of COD was not observed 
during the aerobic trials of clarified leachate.
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 Aeration and fermentation biomass yield studies were also performed with actual 
leachate obtained from Twin Chimneys Municipal Landfill in Honea Path, SC.  Assays 
for Fe3+, Fe2+, NO3-, NO2-, Cl-, SO42-, COD, TCP and VSS were performed upon receipt 
of the leachate (see Table 3.1 and App. A.i.c), which was degassed with N2 and stored in 
an 18ºC incubator prior to experiments.  Reactor vessels were treated in concordance 
with the biomass yield studies where SA was the lone carbon source.  Additionally, 
leachate was sterilized on three consecutive days at 121ºC for 25min on a liquid 
autoclave cycle.  Although the mineralization of compounds in leachate was likely 
affected by the heat sterilization, it was more important to have a sterile substrate for the 
experiments.  In later experiments, anaerobic digester fluid obtained from the Mauldin 
Road Wastewater Treatment Plant in Greenville, SC, was mixed with leachate — 
primarily to increase the volume of available substrate and secondarily to provide a more 
complete growth medium. 
 For the sake of consistency, the same reactor vessels used in the SA biomass yield 
studies were used for leachate biomass yield studies.  For aerobic batches, Erlenmeyer 
flasks of 1L were sterilized in triplicate at 121ºC for 25min in an autoclave gravity cycle. 
A temporary aluminum foil cover was placed over the opening during sterilization and 
removed immediately prior to initiating the experiments.  To the sterile flasks 245mL of 
sterilized media were added, followed by 5mL of a newly transferred aerobic enrichment 
grown on SA.  Flasks were then topped with a loose Kimwipe covering, held in place 
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with a zip-tie to prevent airborne contamination, and placed on a reciprocal shaker 
operating at 140rpm under ambient laboratory conditions.  Samples of 5mL were taken 
periodically and stored in a -80ºC freezer until the end of the experiment (15d). 
 VSS was not an effective analysis for studies with actual leachate due to the high 
concentration of suspended particles in the leachate, so the VSS analysis was was 
replaced with COD (Aquanal COD pro).  COD was also performed instead of HPLC in 
LL yield studies due to the unknown composition of the leachate medium.   A method of 
COD analysis was used such that oxygen demand and cell concentration could be worked 
out as follows: CODTOT consisted of a homogeneous aqueous aliquot of that was digested 
without any matrix clean-up or filtration, represented the total analyzable COD in the 
reactor vessels over time.  CODSOL was determined by filtering the same aqueous sample 
through a 0.2µm PTFE syringe filter and represented only dissolved COD, or the total 
abiotic organic carbon in solution.  CODBIO was calculated by subtracting CODSOL from 
CODTOT.  A 0.2µm syringe filter was effective at removing suspended particles, such as 
cells, and provided a point of reference for biomass measurement.  CODTOT and CODSOL 
tubes were digested simultaneously, along with a standard curve consisting of 0, 500, 
1,000, and 1,500 mg/L COD as Potassium Hydrogen Phthalate (KHP), and the 
absorbance of each tube was measured on a Varian Cary UV-Vis spectrophotometer at 
620nm after cooling to room temperature.  Further detail for the COD protocol used in 
this project is provided in App. A.i.g. 
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 In order to correlate data obtained from single-carbon-source experiments with 
those using real-world samples, a COD calibration curve was determined for both SA and 
the standard COD standard, KHP.  KHP standard solutions consisted of 1,500mg/L COD 
as KHP, which was initially prepared as described in App. A.i.g.1, then diluted to 500, 
and 1,000mg/L COD as KHP.  A blank was prepared by adding no KHP stock to DDI 
H2O.  A 2,000mg/L SA solution was initially prepared as described in App. A.ii.l, then 
diluted with DDI H2O to 100mg/L in a microcentrifuge tube.  The diluted SA solution 
was mixed with DDI H2O to create standard SA solutions with the concentrations 16, 32, 
48, 64, and 80mg/L.  A blank for SA was prepared by adding no SA stock to DDI H2O. 
Both series of calibration standards were digested together in duplicate to conserve COD 
tubes compared with triplicate analysis. 
 The Theoretical Oxygen Demand (ThOD) of KHP (1) and SA (2) was calculated 
as follows: 
 (1) KC8H5O4 + 7.5O2 → 8CO2 + 2H2O + KOH + energy 
 (2) C7H6O3 + 7O2 → 7CO2 + 3H2O + energy  
 The reduction of the dichromate ion, Cr2O72-, to trivalent chromium, Cr3+, under 
the conditions of a closed reflux COD analysis is given by the half-reaction (3) below: 
 (3) Cr2O72- + 14H+ + 6e- → 2Cr3+ + 7H2O 
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The reduction of the dichromate ion produces two Cr(III) ions which show a maximum 
absorbance at 620nm on an UV/Vis Spectrophotometer, so 620nm was the wavelength 
chosen for COD analysis.  The KHP standards were used to determine a range of linearity 
for the COD analysis and to provide a reference value for the COD of SA standards.  The 
absorbance of SA standards were read at 620nm, taken as an average for each 
concentration, and then converted into an average COD value for each concentration. 
COD values, expressed in units of mg O2/L, was converted into equivalents of SA 
degraded, which could be used to estimate the total amount of carbon degraded and the 
amount sequestered into biomass by applying a molecular formula to COD values.  The 
manipulation of COD into mg of carbon follows. 
The initial value is the measured COD of a solution, based on measurement of Cr3+ ions 
at 620nm.  The second factor, mg SA-L/mg O2-L, represents the quotient of SA 
concentration, in mg SA/L, and the COD of that concentration, in mg O2/L.  The 
molecular weight of SA was used to convert COD into molar equivalents of SA, which 
was then converted to mg C as substrate since SA has a known molecular structure.  
 Fermentation vessels for LL reactions were prepared with the same bottles as SA 
fermentations.  Three 25mL culture tubes and rubber butyl stoppers were co-sterilized 
with the bottles for methanogenesis measurement.  The bottles were sterilized in triplicate 
at 121ºC for 25min in an autoclave gravity cycle.  The bottle cap was securely fastened 
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and the vessel was degassed with N2 for 1h, by piercing the butyl stopper with two 
syringe needles, running N2 through one of them and using the other as an exhaust.  Once 
the bottles were degassed, 245mL of sterile leachate were added to each, followed by 
5mL of a recently transferred anaerobic enrichment and thorough mixing.  An aliquot of 
10mL was taken from each fermentation bottle and injected into a sterile culture tube, and 
the headspaces were degassed with N2  for approximately 2-3min.  CH4 was measured via 
headspace analysis on a GC-FID (see App. A.i.d), and COD was performed on 5mL 
samples anoxically obtained from fermentation bottles.  All reactor vessels in these 
fermentations were incubated at 30ºC in the dark for the duration of the experiments 
(15d). 
 Leachate was also clarified via sequential centrifugation and decanting steps in 
order to remove solids, in order to clean up the sample matrix for downstream analyses 
while observing any changes in biomass growth due to the separation.  Solids were 
allowed to air dry and stored in 50mL centrifuge tubes for future analyses, while clarified 
liquid was used as a feedstock for aerobic biomass growth following the protocol for 
aerobic yield studies as described earlier.  Liquid samples of 12mL were taken and stored 
at -80ºC for COD analysis.  A fermentation experiment remained to be performed for the 
clarified leachate, but since significant transformation of COD was not observed during 
aerobic biomass growth experiments study on clarified leachate, the experiment was left 
unexplored. 
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 A biomass stock was aerobically grown on SA and then a cell suspension was 
performed to normalize the concentration to approximately 100mM biomass.  The 
biomass was disinfected by autoclaving, UV irradiation, or sonication then sampled for 
methane concentration as seen in Figure 3.4, which suggests that different methods of 
cell lysis affect methane production kinetics differently.  Based on the biomass disruption 
survey, three mechanisms of cell lysis were chosen for further investigation in terms of 
relative efficacy: boiling, sonication and complete thermolysis.  Complete lysis, or 
sterilization, was achieved by autoclaving biomass.   The cell suspension used in the 
biomass disruption survey was autoclaved for three sequential days, and the resulting, 
completely lysed biomass was used as a feedstock for a mixed methanogen culture 
derived from anaerobic digester sludge, which was also prepared by cell suspension to a 
final volume of 20mL.  A brief synopsis of the digester sludge suspension follows: about 
500mL of anaerobic digester liquid was anoxically transferred into two 250mL centrifuge 
tubes and centrifuged at 10,000rpm for 15min.  The supernatant was discarded and the 
pellets resuspended in 35mL of sterile 30mM sodium bicarbonate solution, transferred to 
two 50mL centrifuge tubes.  Centrifuged under the same conditions, the supernatants 
were again discarded and replaced with 10mL of 30mM bicarbonate solution.  Once 
resuspended, the two solutions were mixed in a single, sterile 25mL test tube, degassed 
with N2, sealed with a butyl stopper, and crimped.  This enrichment, called the Digester 
Sludge Extract (DSE), was incubated at 30ºC in the dark.  The DSE was periodically fed 
with 10mM lactate (0.05mL of 2M stock into 10mL culture), and a 3% transfer of the 
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prior culture was performed several times, into a sterile 30mM bicarbonate solution 
(modification of App. A.iii.b). 
 An aliquot of raw leachate was taken from 18ºC storage for experimentation and 
divided into ten groups which are shown in Table 2.3.  Treated leachate was subjected to 
aerobic treatment for 10d, while raw leachate was instead stored as an aliquot for the 10d 
aeration.  Sterilization was achieved by simultaneous autoclaving for specified groups on 
a liquid cycle for 25min over three consecutive days.  A 250mL 
pyrex bottle containing 50mL of treated leachate was sealed in a 
pyrex bottle and sonicated for 25-30min, and another 50mL of 
treated leachate was boiled in a 100mL volumetric flask for 
25-30min in a sand bath-rheostat apparatus.  Leachate treatments 
were added into sterile, sextuplicate 25mL culture tubes to a 
volume of 9.7mL, and half of each replicate set was inoculated 
with 0.3mL of DSE.  The other three replicates for each treatment 
were abiotic controls, achieved by adding 0.3mL of sterile, 30mM 
bicarbonate solution.  An additional control consisted of 9.7mL 
bicarbonate solution inoculated with 0.3mL DSE to measure 
passive CH4 production by the culture, which was determined via 
GC-FID. 
 Another kinetics experiment was performed with thrice-
autoclaved, resuspended biomass.  Triplicate culture tubes 
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containing 9.7mL of 30mM HCO3- were autoclaved prior to being inoculated with 0.2mL 
of DSE culture and amended with 0.1mL of 100mM lysed biomass concentrate.  Two 
controls were used to evaluate passive methanogenesis by the DSE culture (fermentation 
of leftover sludge) and to determine passive methanogenesis by residual biomass from 
the lysed concentrate.  These controls were prepared by replacing either the biomass or 
DSE culture with sterile HCO3-, respectively, and are represented by series names “No 
Biomass” and “No DSE” in Figure 3.6. 
 The kinetics for different methanogenesis pathways were studied using lactate, 
acetate, autoclaved biomass, H2/CO2, and a starved DSE culture.  Triplicate culture tubes, 
12 containing 9.7mL of 30mM sodium bicarbonate solution and three containing 9.0mL 
of 30mM sodium bicarbonate solution, were degassed with N2, sealed with butyl 
stoppers, then autoclaved for 25min on a liquid cycle.  Tubes for lactate, acetate, biomass, 
starved DSE, and H2/CO2 were inoculated anoxically with 0.2mL of DSE mixed-culture 
— adding 0.05mL of 2M sodium lactate (App. A.ii.d), 2M sodium acetate (App. A.ii.f), 
1mL of ~0.1M autoclaved biomass, or 0.1mL of sterile 30mM bicarbonate solution, 
respectively, into the tubes for the first four series.  The H2/CO2 trials were pressurized to 
10psi above the baseline pressure gauge reading of a gassing valve with a mixture of 
80:20 H2/CO2.  If necessary, all volumes were brought to 10mL with sterile HCO3-.  Once 
prepared, the tubes were left undisturbed in a 30ºC incubator and periodically sampled 
via headspace GC to determine CH4 production. 
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 A future extension of the metabolic pathways experiment would be to determine 
the biochemical CH4 potential of each family of macromolecule — protein, lipid, 
carbohydrate and nucleic acid.  A trial experiment for lipid extraction was performed.  Six 
sterilized test tubes were washed with ethanol and divided into two triplicate groups. 
Lipids were extracted from autoclaved biomass by two methods of liquid-liquid 
extraction, shown in Table 2.4.  The two methods consisted of a methyl-derivatization 
followed by an acid-or base catalyzed incubation and extraction of fatty acid methyl 
esters (FAME) with 1mL hexane.  The acid-catalyzed reaction was initiated by the 
addition of 700µL of concentrated H2SO4 and 700µL of DI H2O to a test tube containing 
2mL of lysed biomass and 5mL of MS-grade methanol, and the base-catalyzed 
(saponification) reaction was initiated by the addition of 700µL of 10N KOH to a test 
tube followed by a 60min digestion at 60ºC.  Following any reagent additions, tubes were 
vortexed for 1min.  Digestions were also followed by submersion into an ice bath for 
15min.  The flow process of the two extractions is shown in Figure 2.1: the major 
difference between processes was that the acidification extraction was only incubated 
once at 60ºC compared to twice for the saponification extraction, which was acidified as 
a second digestion step.  Hexane extracts were analyzed by GC-FID for fatty acid methyl 
esters (discussed in Chapter III).  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Reagent Acidification (µL)
Saponification 
(µL)
Cell Concentrate 2,000 2,000
Methanol 5,000 5,000
10N KOH 0 700
24N H2SO4 700 700
Internal Standard - 21C 10 10
DI H2O 700 0
Hexane 1,000 1,000
Total Volume 9,410 9,410
Table 2.4 is a breakdown of components added to fatty acid 
extraction tubes.  In the experimental design, care was taken to 
ensure the volume for each extraction was the same for 
comparison.  The workflow for the two extraction processes is 
presented below, in Figure 2.1.
LIQUID-LIQUID EXTRACTION 
Figure 2.1 presents the order of operations for each liquid-liquid 
extraction procedure. In orange is the acidification extraction; purple 
indicates the additional steps performed in the saponification extraction.
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II.c 14C Mineralization Tracking  .............................................................................
 The partitioning of radioisotopic carbon-14 (14C) between organic substrate 
molecules and biomass was determined through the use of a Liquid Scintillation Counter 
(LSC).  Scintillation vials were prepared by washing in a 10% HCl bath, rinsing with 
H2O, air drying and finally sterilization in an autoclave at 121ºC for 25min on a gravity 
cycle along with 0.25L Erlenmeyer flasks — all with an aluminum foil covering the 
vessel opening.  A sterile FW medium was buffered with 30mM HCO3- in a 50:50 ratio 
and 14mL were removed.  Stocks of 50µCi/100mL molecules were obtained from storage 
in 4ºC: propionate, butyrate, lactate and starch, and 3.5mL of each stock was added to the 
growth medium.  Sterilized Erlenmeyer flasks in triplicate were filled with 90mL of the 
medium.  An abiotic control group was brought to 100mL with sterile 30mM HCO3- 
while 10mL of a recently transferred SA enrichment was added to experimental flasks.  A 
5mL sample was immediately obtained from each using a volumetric pipette and frozen 
at -80ºC for sampling.  Flasks were loosely covered with a Kimwipe to reduce possible 
airborne contamination and placed on a reciprocal shaker continuously operating at 
140rpm.  A 5mL aliquot was taken weekly from each flask to determine the extent of 
carbon mineralization into biomass during aerobic treatment.  Prior to liquid scintillation 
counting, each sample was centrifuged for 15min at 10,000g and 2.5mL of the 
supernatant was diluted in 2.5mL of Advanced Safety LSC liquid scintillation cocktail 
(Fisher Scientific).  A blank vial was prepared by addition of 2.5mL of DDI H2O to the 
scintillation cocktail.  The two fluids were mixed gently by hand to form a translucent, 
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homogeneous suspension free of particulates.  The vials were capped and placed on a 
scintillation carriage to be analyzed with a direct, single Disintegrations Per Minute 
(DPM) analysis.  The number of actual Counts of radioactivity Per Minute (CPM) 
detected by the LSC was rendered into DPM through an automatically detected counting 
efficiency.  Each analyte vial was analyzed for 10min under the program “Haluska”, 
named by a former researcher (see App. A.i.h). 
II.d Microbial Community Analysis  ........................................................................
The structure and stability of the microbial community involved in the treatment 
of LL from Twin Chimneys Municipal Landfill in Honea Path, SC, was investigated 
under various conditions.  For both community structure and stability analysis, aqueous 
aliquots of 1mL were collected from LL treatments, enrichments, and batch studies in 
triplicate and DNA was extracted from them in two groups: a sequence of aerobic- and 
anaerobically-treated LL samples taken at different times, and a sequence of enrichments 
and lysis treated cultures — both extracted with Ultraclean Soil DNA Kit (MoBio 
Laboratories, Inc.) (see App. A.iii.d).  Extracted DNA was stored at -80ºC for polymerase 
chain reaction (PCR).  Qiagen PCR Master Mix was prepared as described in App. A.iii.e 
and 9.4µL of thawed extracted DNA and 0.5µL of Taq polymerase was added to PCR 
tubes containing 39.6µL of Master Mix to amplify microbial DNA.  A Mastercycler 
Gradient (Eppendorf) thermocycler was used to amplify Bacterial 16S rDNA sequences 
using 338F and 907R primers, which were then purified with QIAquick PCR Purification 
Kit (Qiagen).  Illumina MiSeq genomic analysis is currently being performed on purified 
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DNA amplicons by Clemson University Genomics Institute (CUGI).  After receiving 
Illumina MiSeq data from CUGI, a series of phylogenetic analyses will be performed 
using metagenomic software to determine the presence of specific 16S rDNA sequences, 
i.e. the structure and variation of the leachate microbial community, at different points in 
treatment.  Metagenomic analyses will be performed and prepared for publication by the 
current author after the data has been retrieved from CUGI.  For detailed descriptions of 
methods used see complete App. A.iii. 
II.e Bioreactor Design and Operation  .....................................................................
A bioreactor was built to test the observations recorded during the course of this 
research.  The reactor consisted of a single 6L fermentation bucket with an air-tight safety 
cover.  A number of ports were bored into the cover to accommodate sensors and wiring, 
which were then affixed and sealed with 100% Clear Silicone (General Electric), shown 
in Figure B.1.  The bioreactor was equipped with an Aquaculture single-outlet aquarium 
pump, maximum flow rate of 1.2L/min, with tubing fed through the cover and submerged 
into solution.  Temperature and methane concentrations were continually monitored with 
a DS18B20 thermal resistor (Maxim Integrated) and an MQ-4 natural gas sensor 
(Winsen); these probes were interfaced with an Arduino microcontroller and programmed 
to perform periodic datalogging.  Code was written and compiled using Arduino 
integrated development environment (IDE) (see Figure B.2) and schematics for the 
electronic circuits were prepared with Fritzing software (see Figure B.3).  Two electrodes 
consisting of insulated copper wire connected to graphite rods were submerged midway 
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in the liquid on opposite sides of the reactor to induce electrolysis.  A syringe tip was 
pierced through the cover and the surrounding area sealed with silicone.  This tip was 
used to hold a gas syringe during reactor operation.  A liquid sampling port was also 
bored into the side of the reactor.  The reactor was operated continuously to simulate a 
stratified aquatic ecosystem consisting of three stages: aerobic growth, lysis and 
methanogenesis.  The WW used in the bioreactor consisted of waste generated from other 
experiments, including partially treated LL, anaerobic digester sludge, FW media, 
outdated enrichments, electron donors such as acetate or lactate and degraded phenolic 
stocks containing pyrogallol and SA.  A photograph of the complete reactor is presented 
in Appendix B, where it can serve as a development in Figure B.4.  Initially a 3L volume 
of waste was placed in the reactor and allowed to aerate for 15min before being sealed. 
After 3d the aquarium pump was reactivated for 20min and the electrodes were charged 
for approximately 10min, to electrolyze the reactor, focused on the central stratum.  The 
electrolytic reaction was fed with air to lyse cells in the upper strata by producing H2O2 
and hydroxyl radicals, while encouraging anoxia in lower sediments.  After numerous 
designs, the reactor described above was chosen as most clearly reflecting the goals of a 
sustainable remediation project, as it requires low maintenance and energetic input and it 
produces a valuable secondary product, CH4. 
Future work could focus on optimizing the reactor design — the impact of 
leachate off-gassing and of gas-solid sorption is not known for this reactor.  Once studied 
under a sufficient sample of conditions and reactor materials, reactor parameters could be 
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derived into empirical equations that would help to determine the best methane bioreactor 
build for a given WW composition, on the basis of COD, electrical conductivity, and 
other physical properties of the water.  The development of these equations would be 
greatly accelerated by open-source laboratory protocols that enable individuals to record 
their own reactor metadata and enter it into a database.  Another reactor microcosm study 
could attempt to target the growth of specific types of biomass such as fungi, bacteria, or 
algae, which may give rise to unique products upon fermentation due to their structure 
and composition as well as impact the effectiveness of aerobic leachate treatment.  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CHAPTER THREE 
  Results and Discussion  ........................................ ....................................................
 Prior to the start of growth experiments, LL was obtained from Twin Chimneys 
Municipal Landfill52 and characterized in triplicate with a number of tests, presented in 
Table 3.1.  The iron concentrations measured in leachate as reported by Kjeldson et al.3 
show a large range, from 3-5500mg/L.  The results of ferrozine analysis on Twin 
Chimneys leachate show the concentration of total iron as 1.5mM, or 85mg/L, which is 
on the low end of the average and justifies the use of anaerobic digester sludge as a media 
amendment due to its relatively high iron content.  The leachate had a high oxygen 
demand of about 4.5g/L, which required dilution of the samples in order to fall within the 
detection range for the COD analyses, which added a degree of experimental error. 
Volatile suspended solids, which were measured using a standard environmental 
method12, decreased slightly during the course of aerobic treatment, which could indicate 
a variety of related phenomena, including lower biomass concentrations, increased 
suspended solids degradation, or precipitation/settling bias.  TCP was measured with a 
Qubit assay kit to determine the concentration of active cells (App. A.iii.c), which were 
lower after aerobic treatment than in raw LL.  Diminished biomass activity could indicate 
the preference for the consortia present in the leachate storage tanks for an anoxic 
environment.  Inorganic ions Cl-, NO3-, NO2-, SO42- were quantified with ion 
chromatography, under untreated, treated, and treated/sterilized conditions.  Chloride and 
sulfate concentrations were found to increase greatly after treatment, while nitrate and 
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Analyte Concentration Unit
Iron
Fe2+ 1.26 ± 0.37 mM
Fe3+ 0.27 ± 0.38 mM
FeTOT 1.53 ± 0.45 mM
COD
CODTOT 4404 ± 366 mg/L
CODSOL 3828 ± 397 mg/L
CODBIO 576 ± 112 mg/L
VSS
øVSS 540 ± 286 mg/L
∞VSS 490 ± 106 mg/L
TCP
øTCP 3.35 ± 0.04 mM
∞TCP 2.95 ± 0.10 mM
Inorganic Anions
øCl- 0.26 ± 0.25 mM
øNO3- 114 ± 28 mM
øNO2- 4.08 ± 1.16 mM
øSO42- 0.04 ± 0.01 mM
∞Cl- 14.3 ± 3.6 mM
∞NO3- 119 ± 27 mM
∞NO2- 4.43 ± 0.94 mM
∞SO42- 1.02 ± 0.19 mM
¢Cl- 14.7 ± 6.5 mM
¢NO3- 109 ± 30 mM
¢NO2- 4.15 ± 0.94 mM
¢SO42- 0.94 ± 0.23 mM
Table 3.1, results of LL characterization, 
described fully in text.  ø represents 
untreated leachate, ∞ represents treated 
leachate, and ¢ represents treated, 
sterilized leachate.
LEACHATE CHARACTERIZATION
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nitrite concentrations were stable before and after treatment.  Sterilization (autoclaving) 
did not appear to have a major effect on the concentrations of soluble anions tested, due 
to the similarity between anion concentrations before and after autoclaving. 
 As mentioned in Chapter II, preliminary experiments demonstrated that SA was 
degraded by organisms present in Twin Chimneys leachate, which can be seen in Figure 
3.1, above.  The degradation rate was found to be concentration dependent, or first-order, 
as can be seen by both the slope of each line from 2-5d and the gradual decrease in slope 
for the 1,000mg/L and 400mg/L (SA initial concentration) series over the course of the 
experiment.  These findings suggested that SA and other phenolic acids, common 
contaminants of industrial and municipal solid wastes, could be readily degraded by 
enriching a diverse microbial culture, using the phenols as an isolated carbon source.  The 
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Figure 3.1 shows a SA aerobic biodegradation curve, with initial concentrations based on 
regulatory and physiological thresholds presented in Silva et al.53.
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concentrations chosen in the experiment presented by Figure 3.1 were chosen to reflect 
the effluent regulations present for SA as well as the physiological effects of the 
compound at various dosages53.  SA underwent first-order biodegradation when used as a 
feedstock for biomass derived from LL microbial communities.  After a 2d lag period, the 
rate of consumption sharply increased and gradually leveled out when SA was initially 
1,000mg/L.  Lower concentrations saw near-complete degradation — beyond the 
sensitivity of the diode-array-detector (DAD) used with the HPLC. 
 Figure 3.2 presents mass balance data from the biomass growth experiments. 
The major source of carbon unaccountability for all trials is a product of not being able to 
accurately determine the biomass concentration; additionally the aerobic nature of A, C, 
and E lent themselves to potential CO2 off-gassing.  E did not show as much unaccounted 
carbon as the other two mainly due to the lack of transformation of the organic carbon.  It 
is possible that a large amount of biodegradable material was removed via centrifugation. 
Additionally, there was little change in the leachate pigmentation, aside from increased 
transparency, which suggests that leachate coloration is due to dissolved species, not 
solids.  In the future it may be pertinent to clarify the leachate by centrifugation, then add 
the precipitated solids to a clear medium in order to obtain more accurate measurements 
for the biochemical parameters of actual leachate. 
 In terms of evaluating biomass yield, A and B were the simplest as VSS was used, 
which was not possible for C, D, or E.  Studies A and B used a SA-spiked FW medium 
and so there were few solids present initially aside from inorganic salts.  Interference 
 48
SUSTAINABLE LANDFILL LEACHATE BIOREACTOR PAUL VECCHIARELLI
between VSS and COD was detected when real leachate was used, i.e. in studies C, D, 
and E.  The solids present in leachate represent a fraction of COD that is metabolized into 
biomass.  Biomass was measured by VSS as well, so that VSS shows little overall change 
during the course of those studies.  Performing COD tests on filtered and unfiltered 
samples gave some insight into the biomass concentrations as done with C, D, and E, but 
there was still interference from dissolved compounds, such as those that give leachate its 
characteristic brown color.  These were still present even in E, which was clarified to 
remove solids by repeated centrifugation.  One conclusion to be drawn is that more 
effective methods need to be developed for biomass measurement.  Especially in a 
continuous reactor system, extensive sample preparation is not desirable for testing the 
progress of product manufacture.  From E it could be suggested that the dissolved solids 
in the leachate are primary carbon sources for biomass, as removing them decreased both 
the amount of leachate degraded and the amount of biomass grown on the LL. 
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Figure 3.2 shows percentage mass balances for five biomass yield studies, divided into three 
fractions: carbon left in substrate (COD or SA concentration), carbon incorporated into biomass 
(VSS or CODBIO), and carbon that was not detected by the analyses performed.  From left to 
right: A — SA/aerobic, B — SA/fermentative, C — LL/aerobic, D — LL/anaerobic, E — 
clarified LL/anaerobic.  Actual values obtained are presented in Table 3.2.  
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 The raw mass balance data for Figure 3.2 are presented in Table 3.2.  The data 
for fermentations shown in Table 3.2 show a higher biomass-on-substrate-carbon yield 
than aerated experiments, which could be explained by the closed nature of the system 
and the recirculation of CO2 in the reactor.  If no CO2 escapes from the system as gas, it 
remains in the biosphere for reuse.  Although CH4 has little solubility in water — it 
occupies the headspace mainly — aqueous CO2 concentration increases with pH due to 
partitioning and buffering provided by carbonate speciation at physiological pH.  The 
forced partitioning of CO2 derived from leachate carbon could increase overall biomass-
on-substrate-carbon yield if a photo- or chemosynthetic community exists in the closed 
reactor.  The differences between the yields among the SA and leachate studies could be 
due to an incompatibility between the experimental methods performed in each study.  It 
is fundamentally important to maintain internal consistency, even though it was difficult 
in these situations due to the properties of the individual media — the color of leachate is 
not the same as SA or FW; the composition of leachate cannot be truly known due to its 
diversity and variability even in a single landfill.  Encouraging the use of on-site 
monitoring for landfills or waste producers would go a long way towards clearing up the 
issue.  Ion chromatography could be used in conjunction with temperature sensors to 
measure total cation and anion concentrations in a given WW and determine Total 
Dissolved Solids (TDS) or electrical conductivity, which can give a generalized idea of 
the chemical properties and the potential of the WW to support biomass growth.  The use 
of GIS would allow researchers to model the behavior of a landfill and its leachate based 
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on geography, facility design, solid waste composition, on-site metagenomics but it 
requires cooperation from many angles. 
 In order to correlate COD concentration in leachate, as mg O2/L, with SA 
concentration, in mM equivalents, an attempt to resolve data to a greater degree, a 
standard curve for both KHP and SA was developed, and their sensitivity to analysis were 
compared, as shown in Figure 3.3.  As discussed in Chapter II.b, but with the respective 
values available, the ratio of SA concentration to COD averaged to 10.2mg SA-L/mg O2-
L over the range of the calibration curve.  The conversion of COD in mg O2/L to mM SA 
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Substrate Salicylic Acid Landfill Leachate Clarified Leachate
Atmosphere Aerobic Fermentativ
e
Aerobic Fermentativ
e
Aerobic Fermentativ
e
MI (mgC as S) 147 147 63 58 83
N/A
MO (mgC as S) 9 67 43 49 77
MO (mgC as X) 24 21 3 3 1
Yield (X/ΔSm/m) 17% 27% 15% 30% 15%
MO (mgC as X and S) 33 89 46 51 77
MO (mgC 
unaccounted)
114 58 18 6 5
ΔX (mM Biomass) 1.59 1.43 0.05 0.05 0.02
S0 (mM) 7.01 6.97 0.75 0.69 0.98
S1 (mM) 0.44 3.21 0.51 0.58 0.91
ΔS (mM) 6.57 3.76 0.25 0.11 0.07
MASS BALANCE — BIOMASS YIELD ON SALICYLIC ACID AND LEACHATE
Table 3.2 presents the mass balance calculations for biomass growth studies, which were used 
in the making of Figure 3.2. The columns correspond to A-E moving from left to right: A — 
Aerobic SA, B — Fermentative SA, C — Aerobic LL, D — Fermentative LL, E — Aerobic 
clarified leachate.  MI or mass input was the substrate concentration of the medium after 
sterilization at T=0.  MO or mass output was divided into three fractions as described in Figure 
3.2, representing Substrate (S) concentration, biomass (X), and the unaccounted-for carbon. 
Change in S (ΔS) was quantified for initial and final timepoints, and the total incubation time 
was 15d.
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equivalents served to assign a molecular formula to landfill leachate organic carbon based 
on results from SA batch studies, so that a carbon mass balance for coupled leachate 
treatment and biomass formation could be developed for real leachate.  The findings from 
the experiment suggest that every 10.2mg/L of COD degraded represented 1mg SA 
degraded per liter of leachate.  SA batch studies suggested percent yields for aerobic and 
anaerobic leachate degradation/biomass growth of 15% and 30% for each system, 
respectively.  The amount of COD reduced during the course of experiments was 
correlated with an aerobic/anaerobic yield coefficients in order to produce a mass balance 
for carbon in leachate.  The correlation does not take into account that leachate contains 
many compounds, which may activate multiple enzymes and alter the kinetics observed 
in a single-substrate system; the correlation described above helped to provide a lower 
limit to biomass production from organic carbon based on data from SA batch studies. 
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Figure 3.3 shows a calibration curve performed in duplicate for both 
KHP and SA as COD vs. A620.  The KHP standard curve was used to 
ensure proper analytical technique, and SA was used as a conversion 
factor between changes in COD and the mass of carbon being 
transformed.
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 Methanogenic potential was investigated after the biomass yield studies.  During 
preliminary experiments, different methods of cell disruption were found to change the 
rate of methanogenesis, as shown in Figure 3.4.  Aerobically grown biomass was 
digested by a DSE culture following ultraviolet radiation, sonication, or autoclaving 
treatments for 25min and then being exposed to either light or dark for three days. 
Sonication had the highest CH4 yield at 10d, but autoclaving had a steeper slope at that 
time, suggesting that at the concentration scale studied (µg/L) the data variations were 
within the theoretical range of analytical error.  These trials were not performed in 
triplicate, so quantitative observations were noted but not taken as certain. 
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Figure 3.4 presents the results from a preliminary experiment where 
aerobically grown biomass was digested by a DSE culture after being 
subjected to disinfection treatments.
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 Also seen in Figure 3.4, the effect of light and dark regeneration was shown to 
affect the methanogenesis rate as well — exposure to light appeared to prevent cells from 
regenerating as thoroughly as exposure to only darkness.  Ultraviolet irradiation is a 
popular method of disinfecting treated drinking or WW, but is not always effective for 
raw sewage or leachate due to the turbidity of these media.  Autoclaving, sonication and 
boiling (an alternative to autoclaving that is more accessible for continuous biomass 
disruption) were investigated as possible treatments for enhanced CH4 yields.  In addition 
to plotting overall CH4 production over time in Figure 3.5, the instantaneous rates of 
methanogenesis were tabulated as zero-order (constant) reaction rates in Table 3.3. 
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Figure 3.5 shows a linear-regression for zero-order methanogenesis rates versus cell disruption 
method and the liquid media used.  Raw Leachate (RL) was Treated aerobically (TL), and then 
subject to autoclaving (A), sonication (S), or boiling (B).  Each series was then inoculated with 
Digester Sludge Extract (DSE), except DSE alone, which was a control for passive off-gassing. 
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 In Figure 3.5, from 7d to 30d, the CH4 concentration appears to be increasing 
linearly, but the first 7d appeared to show a constantly-increasing reaction rate, resulting 
in an exponential increase in methane production before reaching a constant rate. 
Sterilized leachate (RL-A and TL-A) yielded the highest CH4 concentrations, and the 
greatest overall production was found in raw, sterilized leachate that was digested with 
DSE (RL-S), suggesting that the treatment of leachate, via aeration at least, could 
decrease CH4 production due to a large fraction of leachate microbiota being strictly 
anaerobic.  Although the degradation of leachate occurs more rapidly with oxygen as an 
electron acceptor, if CH4 yields are diminished by treatment, the viability of the 
bioreactor process is also negatively impacted.  However, since TL-A had the second 
highest overall production and the experimental error for the two top-producing series 
overlaps, this finding is somewhat inconclusive.  In 
some ways, a completely anaerobic reactor could 
be more efficient than an aerated system — less 
atmospheric CO2 loss, longer reactor life due to 
higher biomass yield per substrate consumed and 
lower maintenance and energy requirements. 
Sterilized leachate, both raw and treated (aerated), 
showed the greatest CH4 yields, followed by 
sonication and boiling.  Raw leachate (RL) that was 
not subjected to lysis had the lowest CH4 yield, and 
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Group Slope Kmass (µg/L-d)
Kmol 
(µM/d)
RL 52 52 3
RL-A 466 440 27
TL-A 448 419 26
TL-S 208 185 12
TL-B 167 167 10
DSE 79 70 4
METHANOGENESIS  
ZERO-ORDER RATE CONSTANT 
Table 3.3 gives the slope of linear 
regressions for the series presented in 
Figure 3.5.  Slope — calculated by MS 
Excel, slope(x,y) function; Kmass — 
slope of linear regressions; Kmol — 
molar product yield of methane 
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the DSE had a slightly higher yield than RL.  The lines for each series represent a linear 
regression performed over the entire 30d experiment to estimate methanogenic kinetics, 
where the slope of the line represented the rate Kmass, seen in the third column of Table 
3.3.  In Table 3.3 it is seen that upwards of 25µmol/L-d of CH4 was produced, on 
average, during the course of DSE fermentation of autoclaved leachate.  Depending on 
reaction volume, this reaction rate can serve as a significant source of natural gas.  For 
example, a 5m3 liquid volume reactor could produce about 1kWh of energy each month 
from CH4 production, with 55.5MJ/kg as the energy density of CH4 (Elert 2004) — 
enough to power some appliances and light fixtures (Duke Energy 2016).  The derivation 
of monthly energy production from CH4 was obtained by manipulating the rate constant 
for treated leachate that was autoclaved and inoculated with DSE, shown on the next line. 
Essentially, the reaction rate has been multiplied by a known volume, 5m3, length of 
reaction, 30d, and the energy density of methane, 55.5MJ/kg, as well as respective 
conversion factors for each parameter.   
 CH4 produced via bioreactor is usable for heating or cooking; unfortunately, 
electrical heating (autoclaving) is not an efficient process — potentially consuming more 
energy than a small-scale reactor is able to produce.  A heat-conducting vessel material 
and sunlight may denature sufficient amounts of biomolecules that lysis is achieved. 
Another alternative disinfection method involves Fenton chemistry, where hydroxyl 
radicals are created by a variety of mechanisms, ultimately lysing cells.  The Fenton 
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reaction also occurs with organic compounds such as dyes and other non-biodegradable 
compounds, which can either trigger complete chemical oxidation by free-radical 
degradation, or initiate metabolic activity by cells if the cells themselves are not fully 
digested.  Instead of chemically-catalyzed oxidation, an electrolytically-catalyzed Fenton 
reaction can be used to stimulate biomass disruption and to progress WW treatment 
strategies by consuming less resources.  The electro-Fenton reaction is catalyzed by O2 
reduction on an electrode in an acidic solution with a metal catalyst to supply electrons. 
Since many WWs are contaminated, it may be an effective practice to use the compounds 
already present to trigger degradation, rather than adding more compounds to the 
solution. 
Further experimentation with anaerobic biomass digestion showed that combining 
lysed biomass with a DSE culture greatly increased CH4 production compared to passive 
fermentation by DSE and from regenerated biomass-lysate, as shown in Figure 3.6.  It 
appears as if both controls, “No Biomass” and “No DSE” remain at zero but there is 
passive methanogenesis that occurs in the “No Biomass” control due to the presence of 
remnant carbon in the DSE culture tube.  In order to parse the differences between the 
two control series, the values at each timepoint are shown in Table 3.4.  While the 
standard error of the “Experimental” trials is more than an order of magnitude greater 
than the “No Biomass” controls, the concentration of CH4 produced by 30d was about 
125x greater in the “Experimental” series than “No Biomass”.  Data from the “No DSE” 
series demonstrated that the biomass concentrate was sufficiently sterilized due to the 
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lack of CH4 production in those series.  In other words, no regeneration occurred after the 
biomass was autoclaved sequentially, three times over the course of three days, also 
demonstrating that the sterilization procedure is adequate for microbiological studies.  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Figure 3.6 shows the results of biomass digestion by DSE 
culture, compared to passive methanogenesis of the DSE 
culture (No Biomass) and to methanogenesis performed by 
regenerated biomass alone (No DSE).
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Time No Biomass No DSE Experimental
0 5 ± 0.2 5 ± 0.5 4 ± 0.1
2 74 ± 0.2 5 ± 0.1 134 ± 33
4 279 ± 48 2 ± 0.1 616 ± 100
5 540 ± 171 6 ± 1 1310 ± 222
7 821 ± 136 6 ± 1 2607 ± 523
10 838 ± 173 5 ± 0.3 3288 ± 715
16 934 ± 33 4 ± 1 14616 ± 4104
21 801 ± 253 5 ± 2 32184 ± 7058
22 1062 ± 345 7 ± 3 49274 ± 12247
30 844 ± 484 9 ± 2 104316 ± 11817
Table 3.4 presents the data inputs used for Figure 3.6, as an 
aid in resolving the concentrations of the two control series, 
“No Biomass” and “No DSE”.
CH4 YIELD ENHANCED THROUGH BIOMASS 
DIGESTION BY DSE
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 Four different CH4-producing pathways were studied in order to characterize the 
relative CH4 yield and reaction rate for their respective substrates: lactate, acetate, 
carbonate, and biomass.  Absolute CH4 production is presented in Figure 3.7, with the 
biomass pathway producing the most CH4 of all series.  Additionally, it appears as if the 
rate of methanogenesis from biomass digestion remains constant up to 80d of incubation 
while the other series level off in that time.  The biomass stock used in these experiments 
was calculated to be 100mM after concentration, where microbial biomass is 
characterized on a molar basis as C5H7O2N22.  Lactate and acetate were prepared as 2M 
stocks, and H2/CO2 (carbonate) was added in gaseous form in a ratio of 80:20v/v H2:CO2, 
pressurized to approximately 10psi above gauge pressure.  For the biomass series, 20x 
substrate volume was added to the culture tubes compared to lactate and acetate series; 
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Figure 3.7 is a plot of CH4 concentration versus time for four known 
biological methanogenesis pathways, and DSE as a control.
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any error in estimating the biomass concentration could have impacted the integrity of 
data. 
 The total CH4 production from all four pathways is shown in Table 3.5.  Biomass, 
lactate, and acetate series were all brought to 10mM substrate concentration initially, 
whereas carbonate was brought to only 4mM due to pressure limitations.  Since each 
compound had a different number of carbons, the carbon mass inputs were all different, 
which could impact the rates of methanogenesis observed.  A better methodology might 
be to calculate the substrate concentrations needed so that carbon mass is equivalent 
initially.  However, based on the initial substrate concentration and final CH4 
concentration, a mass balance of the carbon that was metabolized into CH4 was 
calculated.  The acetate series produced almost no CH4, which was surprising due to the 
use of acetate as an electron donor for ground- and WW remediation, compounded with 
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Parameter Biomass H2/CO2 Lactate Acetate
SI (mM) 10 4 10 10
MI (Substrate) (mg) 15 1 9 6
PO (mM) 6.244 0.725 0.171 0.000
MO (CH4) (mg) 1.125 0.131 0.031 0.000
k (µM/d) CH4 78.051 9.065 2.142 0.006
% Yield 7.5% 10.3% 0.3% 0.0%
% Production 87.4% 10.2% 2.4% 0.0%
MASS BALANCE OF METHANOGENIC PATHWAYS
Table 3.5 compares the CH4 production rates (µmol CH4/L-d), % 
yield of CH4 based on SI and PO (initial substrate and final 
product concentrations, mM) and the percentage of total CH4 
produced by each series on a mass basis.  
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the use of a culture digester sludge extracted from a WW treatment plant.  Since acetate is 
ubiquitous in biochemical signaling, as acetyl-CoA and other compounds, it could be that 
in a nutrient depleted medium such as sterilized bicarbonate, the acetate was 
preferentially used for other energetic pathways aside from methanogenesis.  Although 
not shown, the DSE control produced a slightly higher concentration of CH4 than the 
acetate series, which rationalizes the possibility of methanogenic downregulation by 
acetate.  As shown in Figure 1.3, acetate is a precursor in the metabolism of CH4, as well 
as a competitive product in the anabolism of compounds such as formate, CO2, and H2.  
The thermodynamics of CH4 formation could be modulated by the presence of acetate, 
which is common in organisms as a multi-purpose signaling molecule.   Overall, the 
carbonate pathway showed the most complete yield of substrate carbon into CH4, 
followed by the biomass pathway, with about equal rates prior to the plateau with 
carbonate.  Since biomass is composed of a number of different compound families, it is 
catabolized by different pathways which would theoretically increase the rate of 
methanogenesis compared to a single substrate (see Fig. 1.3).  In further terms of 
biological activity, since more than one methanogenic pathway is uncommon for single 
microbial species, the distribution of mass yield by substrate could serve as a proxy for 
understanding the microbial community structure of the DSE, in addition to the microbial 
community analyses to be performed in the future (See App.B.). 
 Examining the total biochemical potential for each macromolecule family was an 
idea that emerged later in the yield studies, and as a trial project, lipid extraction was 
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selected for preliminary study.  Hexane was used to selectively extract transesterified 
lipids (fatty acids) from an aqueous lysed biomass solution.  In order to accurately 
explore the bioavailability of extracted lipids, an additional step must be taken to return 
the derivative fatty acid methyl esters back to their original forms.  Transesterified lipids 
are not bioavailable, and these derivatives are not always representative of the 
physiological functions of lipids.  Two slightly different transesterification methods were 
used to determine relative efficiency as measured via GC-FID.  As shown in Figure 3.8, 
the two methods were similar in efficacy, with the saponification reaction showing 
slightly greater extraction progress.  The saponification method may have been more 
effective because two incubations were performed compared to a single incubation for 
the acidification method.  The “C-21” series, represented an internal standard added just 
before hexane extraction, was the methyl ester of heneicosylic acid (C21:0), found to 
have the same peak area from each extraction.  “Named Peaks” — the method used was 
calibrated to identify peaks with specific retention times — increased with saponification, 
as did “All Peaks”.  In Table 3.6, the named peaks were identified as a percentage of total 
peak area for each extraction.  The derivative FAMEs C6, C8 and C10 were detected by 
the GC.  These first three lipids were only detected from the saponification of microbial 
biomass, which suggests that saponification may be able to extract a broader range of 
FAMEs.  The presence of trans-fatty acids (C14:1T and C16:1T) indicate that autoclaving 
the biomass may have isomerized cis-bonds along the fatty acid carbon chain to trans-
bonds by providing adequate enthalpy for the reaction.  Trans-fatty acids are bioavailable 
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Figure 3.8 is a comparison between an acidification and saponification 
method for transesterification of microbial fatty acids in terms of peak 
area.
Name Lipid  
Number
Acidification Saponification
Caproic Acid C6:0 0.0% 1.5%
Caprylic Acid C8:0 0.0% 0.7%
Capric Acid C10:0 0.0% 0.5%
Lauric Acid C12:0 0.9% 1.2%
Myristic Acid C14:0 1.4% 2.4%
Myristelaidic Acid C14:1T 41.4% 41.7%
Palmitic Acid C16:0 8.0% 11.0%
Palmitelaidic Acid C16:1T 2.9% 3.4%
Palmitoleic Acid C16:1 1.3% 1.5%
Margaric Acid C17:0 4.1% 2.7%
Petroselenic Acid C18:1-6C 5.3% 5.6%
Heneicosylic Acid C21:0 34.7% 27.8%
Total 100% 100%
IDENTIFIED LIPIDS FROM EXTRACTION
Table 3.6 lists FAMEs extracted by liquid-liquid 
extraction by parent lipid number, and percent of 
total peak area for each extraction.  Italics represent 
lipids of interest, which are described in the text.
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but can negatively impact lipid metabolism. 
 LSC was used to determine the amount of carbon uptake and transformation by 
cells.  In Figure 3.9, the results of liquid scintillation from 0d, 7d and 15d of aerobic 
growth are shown.  An aerobic culture enriched on SA was fed 14C-labeled compounds — 
acetate, lactate, propionate and starch.  The number of disintegrations per minute (DPM) 
was used to determine the amount of radioactivity in prepared samples.  After 7d (B) 
approximately 60% of the initial radiolabeled carbon had been removed from solution, 
and after an additional week (C), only another 1%/d was transformed, which suggests a 
metabolic limitation, such as nutrient deficiency — as the size of a population increases 
so does the demand on resources.  
Since the bioreactor concept described in this text is in its infancy, the potential 
for improvements in design is large.  Future improvements might include pairs of on-line 
COD/BOD5 electrode sensors, one enclosed in an anti-fouling membrane to act as a 
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Figure 3.9 presents the results of liquid scintillation counting for 
14C feedstocks for an aerobic SA-degrading culture.  From left to 
right, A is at T0, B is after 7d and C is after 15d.  Remnant 14C 
represents the percentage of the initial radioactivity remaining in 
the supernatant of samples, and transformed 14C in B and C 
represents the difference in radioactivity compared to A, which was 
corrected for with an abiotic control series.
SUSTAINABLE LANDFILL LEACHATE BIOREACTOR PAUL VECCHIARELLI
0.2µm filter, and the other measuring unfiltered WW for instantaneous monitoring of 
organic carbon and biomass concentration.  Biochemical sensors may use a live biofilm 
to actively reduce compounds on an electrode, which sends out an affected electrical 
signal back to a detector, for example, and can be calibrated by creating standard media 
solutions.  Sensors such as DO probes and pressure gauges would provide useful data for 
reactor integrity and whether stratification is actually occurring, i.e. whether distinct 
microcosms are present at different depths in the reactor.  One major improvement is CO2 
capture —  the Sabatier reaction is used on space flights to recover O2 for astronauts, but 
also converts CO2 into CH4 under reducing conditions.  It may be possible to implement a 
Sabatier chamber into the CH4 bioreactor in order to capture CO2 escaping during aerobic 
treatment, as well as to convert biogas into ~100% CH4.  Since CO2 can also be converted 
into sugar, a photosynthetic membrane might serve to capture CO2 emissions from 
aerobic microbes on leachate while producing another desirable byproduct — reducing 
CO2 emissions substantially and creating a much more environmentally friendly 
technology.  Compounds of interest from a directed fermentation could be identified and 
quantified externally.  An example protocol: every 10d, a 1-10mL sample is automatically 
pumped out of the reactor via peristaltic pump into a vial for analysis of secondary 
metabolites such as phenols, fatty acids and minerals.  Phenols are analyzed via HPLC, 
fatty acids are analyzed via transesterification and liquid-liquid extraction followed by 
GC-FID and mineralization potential is analyzed via oxalate extraction (App. A.i.e) 
followed by IC to determine metal cations and inorganic anions.  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CHAPTER FOUR 
  Conclusions  ................................................. .............................................................
 Landfill leachate is often both highly complex and highly toxic to 
macroorganisms.  As with other recalcitrant environmental hazards, leachate is either 
sequestered and left untreated, or treatment is possible but much of the byproduct 
recovery potential is wasted through direct combustion or sludge creation and disposal, 
for example.  A leachate-treating reactor technology was used to treat highly 
contaminated LL to produce a FW that is usable in a variety of industries, if not 
eventually for domestic uses.  The reactor consisted of an aerobic growth cycle on LL 
with no amendments, which produced visible quantities of microbial biomass on bench 
scales.  A new source of usable water would help to relieve strain on FW resources, while 
decreasing land and water pollution and making more space for essential land use such as 
crops, housing, or ecological restoration by reducing the need for landfill or WW 
treatment space.  Additionally, a number of socially important products can be obtained 
by changing the treatment conditions. 
 Landfill gas production was enhanced in LL treated via heat shock prior to 
storage.  Compared to traditional offgassing, represented by DSE or RL fermentations, 
autoclaving increased the CH4 output of a LL reactor by an order of magnitude.  This 
finding suggests that landfills may have an even larger, untapped potential source for 
revenue in what may be called lysogenic-CH4 — and more improvements are likely to be 
developed.  The aeration lagoons used to treat landfill leachate allow nonspecific 
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microbial communities to grow rapidly, using the organic constituents of the leachate as a 
rich carbon source.  Some compounds remain biologically recalcitrant due to the 
xenobiotic, highly stable bonds that are present in many of our wastes; due to a consumer 
infrastructure dependent on plastics and other abiotic compounds, much solid waste 
volume is contributed by recalcitrant material.  As we become more aware of the 
potential environmental impacts that can occur during storage or disposal of non-
biodegradable compounds, solutions begin to develop that fall more in line with nature — 
plant-based compounds, biopolymers, etc.  As solid waste shifts towards these organic 
compounds, less intensive treatment and anti-contamination measures are required. 
Biological treatment can degrade a significantly greater portion of organic waste, yielding 
more biomass per unit of substrate consumed, and ultimately greater enhancement of the 
final product. 
 Small scale CH4 bioreactors could potentially be used to store energy for heating 
and cooking while saving money on electricity, whereas large scale or industrial reactors 
could greatly increase revenue and provide a service to local communities.  On the scale 
of landfills, an integrated cell disruption technology would provide an immense amount 
of renewable energy.  Additionally, industrial reactors may have unique waste inputs that 
preferentially lead to the production of alternative compounds such as mineral 
precipitates or other organic molecules.  Although industries will not go away, solid waste 
from the domestic sector can be controlled by the lifestyle choices we make.  Perhaps 
responsible consumption will encourage industries to change their business model to be 
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more environmentally-friendly in order to remain competitive.  In any case, industry will 
be forced to adapt to resource depletion by further developing resource exchange 
networks and integrated recovery systems. 
 The proposed, working reactor design is not overly complex, which makes for 
accessible replication.  A significant amount of the reactor development can be attributed 
to open-source technology, which is useful because individuals are allowed to 
concatenate their own ideas with a prefabricated platform to manifest a new idea.  By 
virtue of sharing code, designs and thought-processes, the bioreactor serves as a proof-of-
concept for an open-source, sustainable and energy-independent technology that is 
available for use and further development by individuals.  Sustainable technology is 
heavily reliant on a basic platform that is readily scalable, including modular or stackable 
structures.  The CH4 bioreactor is a scaled down form of common WW treatment 
methods e.g. aerated lagoons, anaerobic digesters.  Future adaptations of the reactor 
should be able to increase the scale in terms of capacity, but also in terms of 
functionality: the variety of different industrial effluent and leachate compositions could 
be treated with the same basic design and small amendments.  Although industrial 
engineers and remediation experts will likely be able to implement the scalable 
functionality of the reactor, its highest potential for development may lie in the hands of 
domestic users because of the sheer increase in exposure the technology would receive if 
publicly adopted.  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CHAPTER FIVE 
  Appendices .................................................. ..............................................................
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APPENDIX A 
  Analytical Techniques and Reagents  ............................. .........................................
 A.i. Instrumental Analyses  ........................................................................................
a.1. Ferrozine Solution: 
To a 1L beaker 11.62g of HEPES free acid (MW: 238.3g/mol) were dissolved in 0.8L of DDI.  Ferrozine 
(1g) was dissolved into this solution, which was then neutralized to pH 7 with 10N sodium hydroxide 
(NaOH [MW: 40g/mol]).  The solution was brought to 1L in a volumetric flask and poured into an opaque 
container for storage in the refrigerator.ff 
a.2. Ferrous Ethylene Diammonium Sulfate (tetrahydrate): 
In an anaerobic glove box 0.4586g of FeSO4•H3NCH2CH2NH3SO4•4H2O (MW: 382.15g/mol) was 
dissolved into 30mL of DDI to make a 40mM solution.  Half of the solution was mixed with an equal part 
of DDI to make a 20mM solution; the previous step was repeated for 10mM and 5mM solutions.  Finally, 
6mL of the 5mM solution was added to 24mL of DDI to make a 1mM solution.  These were poured into 
small serum bottles, sealed with a butyl stopper and crimped shut.  Ferrozine standards were prepared by 
diluting the concentrated stocks 50x in 0.5N HCl. 
a.3. Spectrophotometric Ferrozine Assay: 
Acid-washed scintillation vials were prepared by submersion into a 10% hydrochloric acid bath for about a 
day, then rinsed in water and dried.  Ferrozine solution was removed from the refrigerator at least 1h prior 
to analysis.  Standards were prepared by diluting ferrous ethylene diammonium sulfate stocks in 
hydrochloric acid by a factor of 50, which gave a linear response between 0.02 and 0.8mM Fe2+.  Samples 
were also diluted 50x in hydrochloric acid.  After a brief extraction/settling period standards samples were 
diluted 50x in ferrozine solution and their absorbance was measured at 562nm on a UV-Vis 
spectrophotometer.  A standard curve was obtained prior to each analysis in order to control for 
environmental and operator error.  Total iron was measured by reducing all ferric iron in hydrochloric acid 
extract with 0.2mL of 6.25N hydroxylamine solution, and letting the solution settle for at least 1h before 
diluting in ferrozine solution. 
Both solid and aqueous samples were quantified with this method.  For solid samples, a mass of soil was 
weighed and added to 5mL of 0.5N HCl in a tared scintillation vial.  The procedure was then identical to 
that of a liquid quantification. 
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b.1. Murphy & Riley Phosphate Reagent: 
This reagent consists of four different solutions that are stable in isolation, but reactive when mixed. 
Therefore, they were stored as individual stock solutions. 
 — Sulfuric Acid 5N: concentrated H2SO4 (70mL) was carefully diluted to 500mL with DDI, in a 
fume hood.  This was stable at room temperature in a sealed glass bottle. 
 — Ammonium Molybdate: In a 1L pyrex bottle, 40g of (NH4)6Mo7O24•4H2O were dissolved in 
0.8L of DDI, diluted to 1L, and sealed for storage at 4ºC. 
 — Ascorbic Acid: In a 0.5L pyrex bottle, 9g of C6H8O6 (MW: 176.12g/mol) were dissolved in 
400mL of DDI, diluted to 0.5L, and sealed for storage at 4ºC.  This solution was least 
stable, and if possible was made immediately before analysis.  However, it was still stable 
for a few weeks when stored at 4ºC. 
 — Potassium Antimonyl Tartrate: To a 1L pyrex bottle, 3g of K2Sb2(C4H2O6)2 were dissolved in 
0.8L of DDI, diluted to 1L, and sealed for storage at 4ºC. 
Prior to analysis, these reagents were mixed in the following proportions: 10 parts sulfuric acid, 3 parts 
ammonium molybdate, 6 parts ascorbic acid, and 1 part potassium antimonyl tartrate.  For each mL of 
sample, 0.2mL of the reagent was required. 
b.2. Spectrophotometric Phosphate Assay: 
Stock solutions of ascorbic acid, sulfuric acid, ammonium molybdate, and potassium antimonyl tartrate 
were mixed as described above.  The blank used in this method was DDI plus reagent.  A 0.2µm syringe 
filter was used to remove particulate matter from each sample.  The sample was diluted to fall within the 
linear range of a phosphate calibration curve, and the 0.2mL of the reagent was added per milliliter of each 
sample.  After mixing, the samples were allowed to react for 10 
minutes prior to analysis.  All samples and standards were 
measured on a UV-Vis spectrophotometer at 882nm (dark blue). 
This method was an improvement over a prior method which 
required 24h of incubation and 2500x dilution (a possibly 
confounding source of experimental error).  The substitution of 
antimonyl tartrate increased the rate of reaction significantly. 
c.1. 0.1M (100mM) Anion Solution: 
A 100mM mixed-anion stock was prepared for IC analysis, shown 
in Table A.1, containing Cl-, NO3-, NO2-, SO42- and H2PO4-, all 
from sodium salts.  Each salt was completely dissolved into 80mL 
DDI.  The solution was degassed with N2, sealed with a butyl 
stopper, and crimped for storage in a lab drawer. 
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Salt MW (g/mol)
Mass Added 
(g)
NaCl 58.44 0.584
NaNO3 84.99 0.850
NaNO2 69.00 0.690
Na2SO4 142.04 1.420
NaH2PO4 137.99 1.380
MULTI-ANION STOCK
Table A.1 lists the components of a 
multi-anion stock for IC analysis, 
their molecular weights, and the 
mass of each salt added to the 
solution.
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c.2. Ion Chromatograph Eluent: 
Eluent was prepared as 10x stock, composed of 80mM Na2CO3 (MW: 105.99g/mol) and 10mM NaHCO3. 
To prepare the stock, 8.48g of Na2CO3 were dissolved in 800mL of DDI, followed by 0.84g of NaHCO3. 
This solution was diluted to 1L with DDI and stored at room temperature.  Prior to IC analysis, eluent was 
diluted 10x with DDI in a pyrex bottle and sonicated for 15min.  The dilute eluent was poured into a plastic 
eluent bottle, ready for use with IC. 
c.3. Ion Chromatography (IC): 
Eluent was prepared as described above.  The column used for anion analysis was an IonPac AS-14A 
anion-exchange column by Dionex.  For trace concentrations an ICS-2100 chromatograph was used and for 
ppm-range concentrations a DX-600 chromatograph was used.  In both cases, setup involved the same 
steps.  Standards were prepared with a maximum concentration of 5mM, filtered from concentrated stock 
solutions, and diluted serially.  All samples were filtered, and diluted as needed. 
Power was turned on and 8mM carbonate/1mM bicarbonate eluent connected to pump line A.  Column was 
replaced with AS-14A guard column, while pump valve was opened to prime the pump with appropriate 
eluent.  Once pressure stabilized the analytical column was attached and primed.  Priming valve was closed 
and pump turned on to 1mL/min, with the current suppressor set on 43mA.  Data acquisition was initiated 
and the  signal was allowed to stabilize (approximately 30-45min).  Samples were loaded into autosampler 
tray and sequence was programmed on Chromeleon.  Once the detector signal was stable, data acquisition 
was turned off and the sequence was run. 
 
d. Gas Chromatography (GC): 
A Shimadzu gas chromatograph equipped with a flame ionization detector (GC-FID) was used for 
headspace analysis of CH4.  Compressed air, He and H2 were turned on, followed by the chromatograph 
and then GC Solution   (Shimadzu) software was opened.  The system was initialized and detector signal 
was allowed to stabilize after flame ignition (20-30min).  A batch sequence was programmed and run. 
Methane was detected on the FID at approximately 0.6min, and ethane at approximately 1.4min.  After 
analysis, system was turned off, and gases were allowed to flow through during oven cooling.  Once 
sufficiently cooled, gases were turned off completely. 
Standards were prepared by sparging compressed methane through a rubber tube into water.  Anaerobic 
culture tubes containing 10mL of DDI were previously sterilized in an autoclave at 121ºC.  For each 
standard, a volume of headspace was removed equal to the volume of CH4 added to the tube. 
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e.1. 0.15M (150mM) Ammonium Oxalate: 
In 0.7L of DDI, 21.32g of (NH4)2C2O4•H2O (MW: 142.11g/mol) were dissolved.  The solution was diluted 
to 1L and stored at 4ºC in a clear plastic bottle. 
e.2. Ammonium Oxalate Extraction: 
This extraction was performed to dissociate vivianite to free phosphate.  First, 0.15M ammonium oxalate 
stock was allowed to come to room temperature from storage at 4ºC.  A sample, adjusted to pH 3 with HCl 
was poured into a 250mL centrifuge tube.  The tube was centrifuged at 10g for 15min and the supernatant 
was replaced with 40mL of DDI in which the sample was resuspended.  Ten mL were decanted into 
4x50mL centrifuge tubes and centrifuged again. Supernatant was replaced with 40mL of ammonium 
oxalate stock, shaken and sealed.  For approximately 4 hours the tubes were allowed to react in darkness. 
Reaction progress was quantified by periodically sampling supernatant — phosphate by IC and iron by 
ferrozine assay.  It is possible that other minerals can be dissociated and analyzed using this method. 
f. High-Performance Liquid Chromatography (HPLC): 
HPLC analysis was performed to analyze phenolic acids, specifically pyrogallol and salicylic acid. 
Standard curves were generated starting from a stock of 2g/L to 0mg/L (DDI blank).  Particulate was 
removed from samples with a 0.2µm syringe filter. The clean samples were transferred to amber HPLC 
vials with flat-bottom glass insert, PTFE membrane, and capped for autosampling.  An HP 1100 series 
chromatograph was used, fitted with a vacuum degasser, quaternary pump, autosampler, column 
compartment, and a UV-vis diode array detector (DAD).  Power was turned on to all modules, then online 
Chemstation software was started.  Eluent solutions consisted of 100% acetonitrile (C2H3N [MW: 41.05g/
mol]), 5% isopropanol (C3H8O [MW: 60.1g/mol]), and nanopure H2O adjusted to pH 2.5 with 75% H2SO4 
(a few drops).  Isopropanol was used to clear out eluent lines periodically, while acetonitrile and H2O were 
pumped at a ratio of 85:15 for analysis. 
The HPLC system was turned on via software, and the pump valve opened for priming at 5mL/min using 
analytical eluent combination.  Once primed, the valve was closed and DAD signal was allowed to 
equilibrate (30-45min).  Flow rate was set to 1.2mL/min to reduce analysis time for salicylic acid. 
Injection volume was set to 10µL.  An Acclaim® Organic Acid analytical column (5 µm, 4.0 x 150mm) 
was set at 40ºC for analysis.  UV detection was set to 280nm with a bandwidth of 4nm, with a reference set 
to 380nm and 100nm bandwidth.  The sequence was programmed and run from Chemstation, with modules 
entering standby upon finishing analysis of the final sample. 
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g.1. 1,500mg/L COD as Potassium Hydrogen Phthalate (KHP): 
In a beaker, 0.1275g of C8H5KO4 (MW: 204.22g/mol) were dissolved in 80mL of DDI.  The volume was 
brought to 0.1L and the solution was transferred to a 125mL Erlenmeyer flask and sealed with a rubber 
stopper.  The solution was stored under ambient laboratory conditions.   
g.2. Chemical Oxygen Demand (COD): 
Pre-made Aquanal COD Pro vials corresponding to a closed reflux method and suitable for a range of 
0-1,500mg/L of COD were used to measure instantaneous chemical oxygen demand in leachate.  Serial 
dilutions of landfill leachate were tested to determine the minimal dilution factor required for confident 
analysis.  Standard solutions of potassium hydrogen phthalate (KHP) ranging from 0-1,500mg/L COD were 
prepared fresh for each reflux analysis.  Experimental samples were diluted to remain within the effective 
range of the analysis (4x).  Vials were mixed by inversion, after 2mL of samples were streamed down the 
sides of vials, then placed into a heated block heater for 2h.  After the 2h reflux period, the heater was 
turned off and vials were allowed to cool to about 100ºC.  The vials were transferred to a test tube rack to 
cool to room temperature before 1mL was taken for UV-Vis analysis at 620nm.  Soluble COD was used to 
measure biological degradation of organic compounds by filtering a crude sample with a 0.2µm syringe 
filter.  The difference between total COD and soluble COD was denoted sludge COD which could be used 
as a proxy for biomass growth after normalizing to the value obtained for a sterile medium. 
h. Liquid Scintillation Counter (LSC) 
Scintillation vials with an aluminum foil cover were sterilized in an autoclave gravity cycle at 121ºC for 
25min after acid wash and subsequent drying.  Advanced Safety Scintillation Cocktail was aliquoted into a 
beaker for pipetting.  Samples were centrifuged at 15,000g for 15min to remove particulate matter (such as 
cells) from solution.  To each scintillation vial, 2.5mL of the cocktail were added followed by an equal 
volume of supernatant from the sample.  The vials were shaken thoroughly to form a suspension that 
became milky at first, then began to glow blue and gold under fluorescent lights.  The sample vials were 
capped and then loaded into a suitable cartridge.  The cartridge was flagged with a plastic insert — protocol 
24, “Haluska”.  The protocol was associated and then began.  A stop cartridge was placed behind the 
sampling cartridge to allow the machine to idle following analysis.  Samples were counted for 10min under 
a single DPM assay for 14C.  The results were corroborated with the initial amount of 14C added to 
experimental samples to determine the partitioning and mineralization of 14C into biomass from common 
radio-labeled carbon sources: acetate, lactate, propionate and starch, all from a stock concentration of 
50µCi/100mL. 
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A.ii. Reagents/Media  ................................................................................................
a. 1M Calcium Nitrate: 
In 80mL of DDI, 11.81g of Ca(NO3)2•4H2O (MW: 236.15g/mol) were dissolved.  The solution was brought 
to 0.1L, degassed with N2, sealed, crimped and autoclaved. 
b. 0.5N Hydrochloric Acid: 
In a venting fume hood, 12.1M HCl (MW: 36.46g/mol) was opened and 41mL were added to a 1L 
volumetric flask, which was then filled with 959mL of DDI to the marker.  The solution was mixed by 
inversion and poured slowly into an appropriate glass or poly bottle. 
c. 6.25N Hydroxylamine: 
In an acid-washed scintillation vial, 8.686g of [H3NOH]Cl (MW: 69.49g/mol) were dissolved in 20mL of 
DDI and sealed.  Solution remained stable at room temperature. 
d. 2M Sodium Acetate: 
In a beaker containing 80mL of DDI, 16.406g of NaCH3O2 (MW: 82.03g/mol) were dissolved, diluted to 
100mL and decanted to a clear 120mL serum bottle, where the liquid was degassed for 30min under N2 and 
the headspace for 10min using a clean cannula.  For storage, the serum bottle was sealed with a rubber 
butyl stopper, crimped, and autoclaved at 121ºC for 20min. 
e. 0.030M (30mM) Sodium Bicarbonate: 
In a 1L beaker, 2.52g of NaHCO3 (MW: 84.01g/mol) were dissolved in 0.8L of DDI, adjusted to pH 7.6 if 
necessary, then brought to 1L final volume.  The solution was degassed with 80:20 N2/CO2 for 1h and the 
headspace for 10min prior to sealing, crimping, and autoclaving. 
f. 2M Sodium Lactate: 
In a beaker containing 80mL of DDI, 22.412g of NaC3H5O3 (MW: 112.06g/mol) were dissolved, diluted to 
100mL and decanted to a clear 120mL serum bottle, where the liquid was degassed for 30min under N2 and 
the headspace for 10min using a clean cannula.  For storage, the serum bottle was sealed with a rubber 
butyl stopper, crimped, and autoclaved at 121ºC for 20min. 
g. 0.1M Sodium Phosphate (monobasic, monohydrate): 
In a beaker containing 80mL of DDI, 1.3799g of NaH2PO4•H2O (MW: 137.99g/mol) were dissolved, 
diluted to 100mL and decanted to a clear 120mL serum bottle, where the liquid was degassed for 30min 
under N2 and the headspace for 10min using a clean cannula.  For storage, the serum bottle was sealed with 
a rubber butyl stopper, crimped, and autoclaved at 121ºC for 20min. 
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h. 0.5M (500mM) Sodium Sulfate: 
In a beaker containing 80mL of DDI, 7.1g of Na2SO4 (MW: 142.04g/mol) were dissolved.  The solution 
was brought to 0.1L, degassed with N2, sealed, crimped and autoclaved. 
i. Ferric Citrate Medium: 
In a covered beaker containing 0.8L of DDI, 13.7g of FeC6H5O7 (MW: 244.95g/mol) were dissolved on a 
dual hot/stir plate, heated to increase solubility (avoided light as well).  After being cooled on ice, pH was 
adjusted to 6 with 10N sodium hydroxide.  The electrolytes dissolved into ferric citrate solution included 
2.5g sodium bicarbonate, 0.25g ammonium chloride (NH4Cl [MW: 53.49g/mol]), 0.6g NaH2PO4•H2O, and 
0.1g potassium chloride (KCl [MW: 74.55g/mol]), followed by 10mL each of premade vitamin and mineral 
stock.  Finally, 1mL of sodium selenate solution (1mM) was added prior to diluting the medium to desired 
volume.  The solution was degassed with 80:20 N2/CO2 for 1h and the headspace for 20min, crimped, and 
autoclaved immediately. 
j. Ferric Oxide/Hydroxide (amorphous) — Iron Gel: 
FeO2H(am) was prepared from ferric chloride (FeCl3 [MW: 162.2g/mol]).  In 1L of nanopure H2O, 108g of 
FeCl3 were dissolved, then separated into 2 1L beakers.  The contents of one beaker were adjusted to pH 7 
with 10N NaOH, allowed to stir continuously for 30min, and readjusted to 7.  Contents of the second 
beaker were used to neutralize pH if it was brought too high.  Then the contents of the second beaker were 
adjusted to pH 7.  The sludge was separated into 4-6 centrifuge tubes, spun on a centrifuge for 20min at 5g, 
and the supernatant was replaced with nanopure H2O.  Centrifuging was repeated until Cl- concentration 
was below 1mM when supernatant was analyzed by IC.  Ferrozine assay was performed to determine iron 
content, which was adjusted by dilution in nanopure H2O to approximately 1M ferric iron. 
k. Freshwater (FW) Medium: 
Freshwater medium was prepared exactly as ferric citrate medium except there was no addition of 
FeC6H5O7.  The electrolytes dissolved into 0.8L DDI included 2.5g sodium bicarbonate, 0.25g ammonium 
chloride (NH4Cl [MW: 53.49g/mol]), 0.6g NaH2PO4•H2O, and 0.1g potassium chloride (KCl [MW: 74.55g/
mol]), followed by 10mL each of premade vitamin and mineral stock.  Finally, 1mL of sodium selenate 
solution (1mM) was added prior to diluting the medium to desired volume.  The solution was degassed with 
80:20 N2/CO2 for 1h and the headspace for 20min, then sealed, crimped, and autoclaved at 121ºC for 
20min.  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l. Salicylic Acid Solutions: 
Two solutions were prepared to serve as a surrogate for landfill leachate by addition of crystalline salicylic 
acid.  The solubility of salicylic acid in water is ~2g/L at 20ºC, so water was heated on a combination hot 
plate/magnetic stirrer.  A 1L FW Medium was modified by the addition of 1,000mg/L solid salicylic acid 
under heat, prior to sterilization and degassing.  Synthetic leachate yield studies used a standard stock 
solution of salicylic acid, prepared as a saturated solution by addition of 200mg of solid salicylic acid to 
100mL of DDI under heat, degassed with N2, and stored in a 4ºC refrigerator.  Prior to HPLC analysis the 
salicylic acid stock was warmed to room temperature and shaken to redissolve the contents. 
m. Synthetic Landfill Leachate: 
Leachate is difficult to model but a few synthetic constitutions have been proposed.  This solution consists 
of a 10x buffer solution, pyrogallol solution, and finally an aerobic and anaerobic leachate: 
 — 10x Stock: In 0.5L of nanopure H2O degassed with N2, 204.1g of NaCH3O2•3H2O and 37.5g of 
glycine were dissolved.  To the solution 86.2mL of glacial acetic acid (CH3O2H) were 
added.  The solution was diluted to 1L and stored at 4ºC.  Stored under anoxic conditions 
the solution is stable for several months. 
 — Pyrogallol Solution: In 100mL of 10x Stock, 1.05g of pyrogallol were dissolved, then diluted to 
1L final volume.  The reagent was prepared daily, as needed. 
 — Anaerobic Leachate: In 200mL of Pyrogallol Solution, 1.33g of ferrous sulfate (FeSO4) were 
dissolved, generating a dark purple color.  The mixture was purged with N2, sealed, and 
crimped for storage at 4ºC. 
 — Aerobic Leachate: In 100mL of 10x Stock, 0.97g of salicylic acid (C6H3(OH)3 [MW: 126.11g/
mol]) was dissolved, then diluted to 1L final volume.  This solution was purged with N2, 
sealed, and crimped for storage at 4ºC. 
n. Vivianite Solids: 
Fe3(PO4)2•8H2O was prepared in an anaerobic glove box.  In 6mL of DDI, 0.2g of (NH4)2HPO4 (MW: 
132.07g/mol) was dissolved.  To the phosphate solution, 0.6g of ferrous sulfate (FeSO4•7H2O [MW: 
278.01g/mol]) were quickly dissolved, sealed and crimped.  Vivianite precipitated as a dense, light blue 
phase.  Anions were washed from the solution by centrifugation and resuspension in DDI.  On a few 
occasions an anion exchange buffer consisting of 20mM NaHCO3 and 5mM Na2CO3 was used instead of 
DDI.  The vivianite was resuspended in 25mL DDI for storage. 
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A.iii. Microbiology  ...................................................................................................
a. Anaerobic Culture Transfer 
Anoxic culture tubes were prepared with 9.7mL of sterilized, degassed media, most often ferric citrate or 
freshwater.  A copper trap was reduced over heat and H2 for 10min, to remove trace amounts of O2 from air 
tanks and maintain anoxia.  A butane torch was also lit in the work area (once H2 was cleared) to limit 
oxygen exposure and to capture airborne microbes.  Microbial contamination was further mitigated by 
wearing gloves washed with 70% ethanol as well as wiping down work surface before and after microbial 
transfer.  An electron donor such as sodium acetate was removed via syringe from its stock solution and 
injected into a media-filled culture tube.  A drop of ethanol was placed on a butyl stopper and sterilized 
with a butane torch before a sterile syringe was opened and used for each reagent.  A new syringe was used 
to inoculate the culture tube with 200µL of a growing microbial culture. 
b. Cell Suspension 
Following sterile protocol, 120mL serum bottles and a 1L pyrex bottle were prepared containing either 
97mL or 890mL of a growth medium.  One mL of an electron donor was added to a serum bottle, followed 
by 2mL of a growing microbial culture and incubation.  Upon reaching logarithmic growth, the 1L pyrex 
bottle was amended with 10mL of electron buffer, followed by the contents of the serum bottle.  In late 
exponential growth phase, the bottle was emptied into 4 sterilized 250mL centrifuge tubes on ice which 
were degassed with an 80:20 volumetric mix of N2/CO2 running through sterilized cannula and 0.2µm 
syringe filters.  These bottles were sealed and centrifuged for 20min at 5,000g; then the supernatant was 
decanted and replaced with 35mL of sterile, anaerobic sodium bicarbonate solution (30mM).  The pink 
microbial pellet in each bottle was resuspended and decanted to a sterile 50mL centrifuge tube (on ice, 
degassed with 80:20).  Again the cultures were sealed, centrifuged and supernatant decanted.  This time the 
pellets were resuspended in 1mL of sodium bicarbonate and transferred to a sterilized culture tube, 
degassed with 80:20 for 1min and crimped shut. 
The cells were viable upwards of 30 hours if kept on ice prior to inoculation.  In cases of using rich, natural 
growth media such as landfill leachate or anaerobic digester sludge, an electron donor was not typically 
necessary and 1mL of a dilute sodium bicarbonate buffer was added instead.  Additionally, if a pure culture 
was not used, the precautions for sterility were less strict.  However following cell suspension protocol all 
surfaces must be wiped down with 70% ethanol and replaced (if consumable).  A concise list of all the 
necessary equipment for performing a cell suspension is shown in Table A.2. 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Item
Quantity  
per 1L  
Cell Suspension
Ferric Citrate  
(9.7mL) 3+
Ferric Citrate  
(97mL) 1
Ferric Citrate  
(890mL) 1
Syringe Filters 4
Cannula 4
Centrifuge Tubes  
(250mL) 4
Bicarbonate Buffer  
(35mL) 4
Centrifuge Tubes  
(50mL) 4
1mL Pipette Tips 1
Bicarbonate Buffer  
(1mL) 4
Experimental  
Culture 
Tubes  
(25mL)
3/series +  
1 empty (sealed)  
for suspension
Butyl Stopper 1
CELL SUSPENSION 
STERILIZATION LIST
Table A.2 lists the necessary 
sterile equipment for a cell 
suspension, consisting of three 
sequential 10mL incubations, 
one 100mL incubation, and a 
final 1L incubation.
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c. Qubit Total Cell Protein (TCP) 
Active biomass was determined using a Qubit 2.0 Fluorometer and cell protein assay kit.  All reagents were 
equilibrated at room temperature from 4ºC storage, and assays were performed under a sterile laminar flow 
hood.  Sterilization was achieved by UV irradiation for 30min, followed by a 70% ethanol wash on all 
surfaces including pipettes and gloves.  A master mix was made by diluting 1µL of a fluorescent orange 
protein reagent in 199µL of protein buffer for each reaction.  Sterile 0.5mL PCR tubes were used as 
reaction vessels.  A standard curve was derived for each TCP analysis by mixing 10µL of each protein 
standard in 190µL of the protein reagent master mix.  Unknowns were prepared with the same proportion 
of standard:master mix, unless data indicated a need for more or less dilution.  To avoid bubble formation, 
each reagent was streamed down the side of the PCR tube.  For fluorometric analysis each tube was 
vortexed for 3s and then incubated for at least 15min in the dark prior to reading in the Qubit.  The 
instrument was navigated by designating protein assay and reading new standards, followed by reading the 
fluorescence of each unknown.  Total concentration of active cells was determined by dilution factor of 
unknowns in reaction vessels and based on 50% protein composition for microbial cells on a mass basis. 
d. DNA Extraction 
Prior to DNA extraction, 1,000µL, 200µl and 20µL barrier pipette tips were sterilized along with 
microcentrifuge tubes in an autoclave gravity cycle for 25min at 121ºC.  Nuclease free water was sterilized 
in parallel in an autoclave liquid cycle for 25min at 121ºC. 
An equal volume of sample was added to lysing matrix tubes — 250µL of unfiltered liquid — and vortexed 
for 5s.  To vortexed samples 60µL of S1 and 200µL of IRS solutions were added, then inverted 7-8 times to 
mix.  Tubes were placed on a Vortex Genie bead beater (Scientific Industries, Inc.) for 10min at maximum 
speed and then centrifuged at 10,000g for 30s.  The supernatant was transferred to a clean collection tube. 
S2 solution (250µL) was added to the tubes which were put on ice for 5min and centrifuged at 10,000g for 
1min.  The supernatant was transferred to a new collection tube and 1.3mL of a shaken S3 solution was 
added to each tube.  Tubes were vortexed for 5s and ~700µL of solution was loaded onto a spin filter which 
was centrifuged at 10,000g for 1min.  The supernatant was then discarded and the process repeated until all 
of the solution had passed through the spin filter.  300µL of S4 solution was added to the tubes, which were 
centrifuged at 10,000g for 30s.  The filtrate was discarded and tubes were centrifuged again for 1min at 
10,000g.  Spin filters were transferred to new collection tubes and 50µL of S5 solution was pipetted 
directly onto the filter.  After centrifuging for 30s at 10,000g the filter was discarded and the remaining 
liquid in the centrifuge tubes was the extracted DNA. 
Concentration and purity of DNA extracts were analyzed on a nanodrop spectrophotometer set for nucleic 
acid analysis.  Nuclease-free water (2µL) was pipetted onto the nanodrop and scanned as a blank.  The 
instrument was cleared with a clean, dry Kimwipe and 2µL of each sample was sequentially analyzed. 
After determining concentrations, the DNA extracts were stored at -20ºC for PCR.  
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e. Polymerase Chain Reaction (PCR) 
PCR was performed in a sterilized laminar flow hood equipped with UV lamp for disinfection.  The UV 
lamp was turned on for 1h prior to the procedure, irradiating the work surface,0.2mL PCR tubes and caps, a 
96-well PCR plate (and a 15mL centrifuge tube depending on the number of samples to be amplified).  A 
surplus of 2mL centrifuge tubes, 20µL, 200µL and 1,000µL barrier pipette tips were autoclaved in a gravity 
cycle for 25min and nuclease-free water was autoclaved in a liquid cycle for 25min at 121ºC during this 
time.  All reagents and DNA extraction products were put on ice until use.  Immediately prior to PCR prep, 
RNAse Zap (Thermo-Fisher Scientific) was wiped onto the working surface and cleaned, followed by a 
15min UV sterilization cycle and a 70% ethanol wipe.  Pipettes and lab gloves were wiped with 70% 
ethanol prior to touching work surface.  A lab coat and goggles were worn at all times and care was taken 
not to breathe on or contaminate samples in any way. 
PCR Master Mix was prepared as described in Table A.3 (total 
volume of Master Mix was calculated for the number of extracted 
DNA templates to be amplified + a negative control (nuclease-free 
water + an additional sample’s volume to account for pipetting or 
other operational error).  Taq polymerase and DNA template were 
not added to Master Mix.  Instead, 39.6µL of prepared Master Mix 
were added to an empty PCR tube for each sample.  To each tube, 
9.4µL of the DNA template (or nuclease-free water for negative 
control) and 0.5µL of Taq polymerase were added to bring each tube 
to a total volume of 49.5µL, or essentially a 5x dilution of the initial 
DNA template.  PCR tubes were mixed with a gentle tap and 
immediately placed on our thermocycler and the 338AMED 
program was initiated.  The program consisted of an initial 
denaturing condition of 94°C for 10min, followed by 39 cycles of: 
94°C for 1min, 55°C for 1min, and 72°C for 1min.  Finally, the 
72ºC condition was held for an additional 10min after the 39th 
cycle.  The cycling protocol represents optimal conditions for 
double stranded DNA denaturation (94ºC), primer annealment 
(55ºC), and DNA amplification (72ºC).  The thermocycler was left 
on to incubate amplicons at 4ºC before being stored at -80ºC for 
further analysis. 
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Master Mix 
Component
Volume 
per Sample 
(µL)
Q Buffer 10
MgCl2 6
10x Buffer 5
dNTP Mix 4
Primer (338F) 1.25
Primer (907R) 1.25
10x BSA 1
Nuclease-Free 
Water 16
TOTAL 44.5
PCR Reaction Tubes
Taq 
Polymerase 0.5
DNA Template 9.4
Master Mix 39.6
TOTAL 49.5
PCR MASTER MIX
Table A.3 demonstrates the 
mixing order of PCR Master Mix 
components, as well as the 
makeup of each reaction tube.
SUSTAINABLE LANDFILL LEACHATE BIOREACTOR PAUL VECCHIARELLI
f. Gel Electrophoresis 
Gel electrophoresis was used to determine the average amplicon length of samples that had undergone 
PCR.  An agarose gel was prepared by dissolving 1g of agarose gel in 100mL of 1x TAE buffer, then 
microwaving the solution briefly until transparent.  The gel was poured out into a mold to solidify.  Once 
cooled, the gel was placed in an electrophoresis chamber filled with enough 1x TAE buffer to submerge the 
gel by about 1cm. Each sample, including negative control (nuclease-free water) was mixed with 1µL of 
loading dye to 5µL of sample.  A pipette was used to carefully pipette 5µL of dye mixture into an open 
well.  Average amplicon size was calibrated by pipetting 5µL of a DNA ladder into an empty well.  Once all 
samples were loaded, power was supplied at 15V for 10min and increased to 70V for 50min.  After 1h of 
electrophoresis, particles were separated enough for analysis.  Gels were carefully loaded onto a UV 
transilluminator to determine relative migration distances and absolute average particle size/polarity. 
g. PCR Product Purification (Qiaquick) 
Following PCR amplification, all samples were purified with QIAquick PCR Purification Kit (Qiagen), 
following instructions for use with a microcentrifuge.  PCR samples were transferred to a QIAquick spin 
column inserted into a 2mL microcentrifuge tube along with Buffer PB in a 1:5 volume ratio.  The two 
components were mixed by pumping (via pipette) and centrifuged for 1min at 17,900g.  The flowthrough 
was discarded and the spin column was washed by adding 0.75mL of Buffer PE and centrifuging for 1min 
at 17,900g.  The spin column was loaded into a new microcentrifuge tube and 30µL of Buffer EB was 
added to the center of the membrane, followed by another 1min centrifugation at 17,900g to elute purified 
PCR products.  Tubes were stored at -80ºC if not immediately used.  Samples were considered to be ready 
for Illumina analysis at this point. 
h. Qubit dsDNA HS Assay 
DNA concentrations for PCR amplicons were determined using using a Qubit 2.0 Fluorometer and dsDNA 
HS assay kit.  All reagents were equilibrated at room temperature from 4ºC storage, and assays were 
performed under a sterile laminar flow hood.  Sterilization was achieved by UV irradiation for 30min, 
followed by a 70% ethanol wash on all surfaces including pipettes and gloves.  A master mix was made by 
diluting 1µL of dsDNA HS reagent in 199µL of dsDNA HS buffer for each reaction.  DNA concentrations 
were calibrated by mixing 10µL of dsDNA standards in 190µL of dsDNA HS reagent master mix.   Into 
sterile 0.5mL PCR tubes with caps, 198µL of the master mix was pipetted followed by 2µL of the sample 
giving a 1:100 dilution of the sample DNA.  Contents were briefly vortexed for 3s to mix, then incubated at 
room temperature for 2min.  The instrument was set to perform DNA analysis, then the fluorescence of new 
dsDNA standards were read, followed by that of each amplicon.
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APPENDIX B 
  Continuing Research  ......................................... .....................................................
 Appendix B presents visual and technical information regarding the development 
of a methane bioreactor as described in Chapter II.e.  The prototype reactor, whose 
cover is shown in Figure B.1 (and whose entirety is shown in Figure B.4), was 
developed using spare equipment found in the laboratory when possible to avoid 
investment costs, and made to use Arduino-compatible sensors in conjunction with a 
basic scheduling program to execute reactor processes such as electrolysis and aeration. 
The circuit schematic used for the prototype reactor is presented as Figure B.3, and the 
scheduling program (a work in progress) is shown in its entirety in Figure B.2.  Further 
investigation into manufacturing renewable resources from wastewater is warranted 
based on the data presented in this thesis, and it is believed that many people will be 
reached who will help these ideas reach their full potential.  The reactor prototype did not 
work as effectively as possible due to the vessel not being airtight.  A valve to stop 
depressurization via reverse air-pump evacuation could prevent gases from leaving the 
system and serve to eliminate the effect of off-gassing from the reactor. 
 Visuals are also presented for instruments and data that will likely be useful in 
future research.  In Figure B.5, the internal components of a Gas Proportional Counter 
(GPC) are shown.  The system is currently not functional, possibly due to a voltage fault 
in the proportional counter, which is a Geiger-Müller type, alpha and beta decay emission 
detector.   The GPC is connected to a Shimadzu GC-8A equipped with a Thermal 
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Conductivity Detector (TCD). The TCD detector is bypassed by the column, which is 
routed through an oxidation chamber to convert 14-C methane to carbon dioxide for GPC 
detection.  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Figure B.1 is a photograph of the bioreactor cover.  It was outfitted 
with two sensors, one for temperature and one for natural gas 
detection, two wire-thru holes connected to positive and negative 
voltage terminals (5V), to form a voltage potential in the aqueous 
medium during electrolysis, a gas syringe and an aquarium pump 
with a capacity of 1.2L-air/min.  All holes were treated with 100% 
silicone sealant.  
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Figure B.2 shows the code compiled for the bioreactor.  The code is functional but 
represents a work in progress.  Autonomous datalogging and energy conservation 
steps are being examined currently.
/* 
 * //INITIALIZE DATALOGGING 
#include <MinimumSerial.h> 
#include <SdFat.h> 
#include <SdFatConfig.h> 
#include <SdFatmainpage.h> 
#include <SdFatUtil.h> 
#include <SdInfo.h> 
#include <SdSpi.h> 
#include <SdSpiCard.h> 
#include <SdVolume.h> 
*/ 
//INITIALIZE TIMERS 
int days=0; 
int hours=0; 
int minutes=-1; 
int minelapsed=-1; 
unsigned long currentmillis=millis(); 
unsigned long ClockInterval=60*1000; //
Change scale = 60*1000 for mins 
unsigned long SampleInterval=6*1000; //
10 Samples at the top of each hour (once 
every 6sec) 
unsigned long previousMillis=0; 
//INITIALIZE MQ4 SENSOR 
  //LED on Pin8 
  int LEDPin=8; 
  //Analog Pin0 - data 
  int MQ4Data=A0; 
  //Zero Data 
  int MQ4DataValue=0; 
   
//INITIALIZE DS18B20 SENSOR 
  int TempLED=6; 
  int TempPin=7; 
  #include <OneWire.h> 
  #include <DallasTemperature.h> 
  //Digital Pin7 - data  
  #define ONE_WIRE_BUS 7 
  //ONEWIRE INSTANCE - DALLAS 
  OneWire oneWire(ONE_WIRE_BUS); 
  DallasTemperature sensors(&oneWire); 
   
//INITIALIZE ELECTROLYTIC CELL 
int ELPin=12; 
//INITIALIZE DATA ACQUISITION 
int samples=10; 
int mq4value=0; 
int mq4SUM=0; 
int tempvalue=0; 
int tempSUM=0; 
int avgMQ4DataValue=0; 
int avgTemp=0; 
unsigned long sampleMillis=0; 
void setup() 
{ 
  unsigned long currentMillis=millis(); 
  Serial.begin(9600); 
  Serial.println("Welcome..."); 
  delay(1000); 
  Serial.print("."); 
  delay(1000/3); 
  Serial.print("."); 
  delay(1000/3); 
  Serial.println("."); 
  delay(1000/3); 
  delay(1000); 
  Serial.println("Timers Parsed."); 
  delay(1000); 
  Serial.print("Normalizing Sensors..."); 
  Serial.print("\t"); 
  pinMode(MQ4Data, INPUT); 
  pinMode(LEDPin, OUTPUT); 
  digitalWrite(LEDPin, LOW); 
  pinMode(TempPin, OUTPUT); 
  digitalWrite(TempPin, LOW); 
  pinMode(ELPin, OUTPUT); 
  digitalWrite(ELPin,LOW); 
  Serial.println("DONE."); 
  delay(1000); 
  Serial.print("Zeroing DATA..."); 
  Serial.print("\t"); 
  mq4value=0; 
  mq4SUM=0; 
  tempvalue=0; 
  tempSUM=0; 
  avgMQ4DataValue=0; 
  avgTemp=0; 
  Serial.println("DONE."); 
  delay(1000); 
  sensors.begin(); 
  previousMillis=currentMillis; 
  sampleMillis=currentMillis; 
} 
void loop() 
{ 
  unsigned long currentMillis=millis(); //
Sensor Loop 
  if (minutes==0) 
  { 
    mq4SUM=0; 
    tempSUM=0; 
    sampleMillis=currentMillis; 
    for (int i=0; i<=samples; i++) 
    { 
      mq4value=analogRead(MQ4Data); 
      mq4SUM=mq4SUM+mq4value; 
      sensors.requestTemperatures(); 
      
tempvalue=sensors.getTempCByIndex(0); 
      tempSUM=tempSUM+tempvalue; 
    } 
    avgMQ4DataValue=mq4SUM/samples; 
    avgTemp=tempSUM/samples;  
  } 
   
  if ((unsigned long)(currentMillis-
previousMillis)>=ClockInterval) //Timer/
Notice Loop 
  { 
    {  
      minutes++; 
      minelapsed++; 
    } 
    previousMillis=currentMillis; 
    if (minutes>59) 
    { 
      minutes=0; 
      hours++; 
      if (hours>=24) 
      { 
        hours=0; 
        days++; 
      } 
    } 
    Serial.print(minutes); 
    Serial.print("min/"); 
    Serial.print(hours); 
    Serial.print("h/"); 
    Serial.print(days); 
    Serial.print("d"); 
    Serial.print("\t"); 
    if (0<=minutes<55) 
    { 
      Serial.print(minelapsed); 
      Serial.print("min;"); 
      Serial.print("\t"); 
      if (minutes==0) 
      { 
        if ((days%2)==0 && hours==0) 
        { 
          Serial.print("Electrolysis Engaged."); 
          digitalWrite(ELPin,HIGH); 
        } 
        else if ((days%2)!=0 || hours!=0) 
        { 
          Serial.print("Electrolysis Inactive."); 
        } 
        Serial.print("\t"); 
        Serial.println("Data Aquisition ON."); 
        digitalWrite(TempPin,HIGH); 
      } 
      if (minutes==1) 
      { 
        if ((days%2)==0 && hours==0) 
        { 
          Serial.print("Electrolysis Active."); 
        } 
        else if ((days%2)!=0 || hours!=0) 
        { 
          Serial.print("Electrolysis Inactive."); 
        } 
        Serial.print("\t"); 
        Serial.println("Data Aquisition 
OFF."); 
        Serial.println("RESULTS:"); 
        Serial.print("Methane: "); 
        Serial.print(avgMQ4DataValue); 
        Serial.print("ppm"); 
        Serial.print("\t"); 
        Serial.print("Temp: "); 
        Serial.print(avgTemp); 
        Serial.println("C"); 
        digitalWrite(LEDPin,LOW); 
        digitalWrite(TempPin,LOW); 
      } 
      if (minutes>1 && minutes<15) 
      { 
        if ((days%2)==0 && hours==0) 
        { 
          Serial.print("Electrolysis Active."); 
          Serial.print("\t"); 
        } 
        else if ((days%2)!=0 || hours!=0) 
        { 
          Serial.print("Electrolysis Inactive."); 
          Serial.print("\t"); 
        } 
        Serial.println("Data Aquisition 
OFF."); 
      } 
      if (minutes==15) 
      { 
        if ((days%2)==0 && hours==0) 
        { 
          Serial.print("Electrolysis 
Disengaged."); 
          digitalWrite(ELPin,LOW); 
          Serial.print("\t"); 
        } 
        else if ((days%2)!=0 || hours!=0) 
        { 
          Serial.print("Electrolysis Inactive."); 
          Serial.print("\t"); 
        } 
        Serial.println("Data Aquisition 
OFF.");         
      } 
      if (minutes>15 && minutes<55) 
      { 
        Serial.print("Electrolysis Inactive."); 
        Serial.print("\t"); 
        Serial.println("Data Aquisition 
OFF."); 
      } 
    } 
    if (minutes>=55 && minutes<=59) 
    { 
     Serial.print("Resetting..."); 
     Serial.print(60-minutes); 
     Serial.print("\t"); 
     Serial.println("Data Aquisition OFF."); 
    } 
  } 
  //Datalogging Loop 
}
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Figure B.3 is a diagram created using Fritzing software, showing the configuration of electronic 
components used for bioreactor senses.  Four components are in place: the hydrocarbon sensor, 
graphite electrodes for electrolysis, thermometer, and Arduino.  The Arduino board serves as a 
hub for signal processing and for timing sample points.  Since the coding for the reactor is a 
work in progress, the schematic is also likely to change.
SUSTAINABLE LANDFILL LEACHATE BIOREACTOR PAUL VECCHIARELLI
 Future radioisotope studies will depend on further troubleshooting of a GC-RAM 
(IN-US/LabLogic) system operating as an external column to a Shimadzu GC-8A.  The 
GC-RAM system, shown in Figure B.5, uses a Gas Proportional Counter (GPC) to detect 
alpha and beta decay emissions from 14CO2.  Biogas metabolized from biomass fed 14C 
compounds contains 14CH4 and 14CO2, which 
is completely converted to 14CO2 in an oxidation chamber; the gas is then passed through 
a Geiger-Müller type proportional counter charged with high voltage for detection.  The 
GC-RAM is fed with P-10 gas (90% Ar and 10% CH4) for counting; compressed helium 
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Figure B.4 — a photograph of the bench-top 
CH4 bioreactor prototype.  Both sampling ports 
can be observed, as well as the electrode inputs 
and sensor connections.  The air pump is 
located above the reactor to maintain head 
pressure and reduce backflow of leachate into 
the pump during periods of inactivity.  The 
electronic boards are not installed so that the 
viewer can see the reactor more clearly.  
Figure B.5 The GC-RAM unit used in the 
laboratory.  Although it is currently not 
detecting peaks, several troubleshooting steps 
have been performed to determine the cause of 
the issue.  The lead block conceals the gas 
proportional counter (GPC), which contains a 
beta-emitting source for calibration.  
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as a make-up gas, and ultra high purity nitrogen as a carrier gas.  Based on 
troubleshooting efforts, gas flow appears to be functional, as well as communication from 
the GC to computer.  A signal was not detected during calibration, suggesting the 
calibration source is ineffective or high voltage is not being created in the counter.  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 As introduced in Chapter II.a, an experimental protocol for fractionated 
macromolecule biochemical CH4 potential is presented as follows.  Cells are grown 
aerobically on SA enriched FW medium, resuspended/concentrated to 10mL and 
measured via spectrophotometer (OD600) to estimate total biomass concentration.  After 
autoclaving and homogenization, four aliquots of lysed biomass can be extracted with a 
selective technique for each macromolecular family, with an unextracted control.  The 
dry mass of each family can be determined by drying a sample of the extracting solvent 
and measuring solids content and analyzing for purity via HPLC or mass spectrometry. 
Percentages cited by literature could provide a good estimate for a mixed-culture 
enrichment if the microbial consortia in leachate is diverse enough to follow the law of 
averages.  A synthetic stock of macromolecules could also be developed for greater 
experimental control. 
 Protein extraction consists of centrifugation at 3,000rpm for 5min followed by an 
ice water wash and subsequent centrifugation.  An autolysis buffer consisting of reagents 
listed in Table B.156 is used to lyse cells based on their concentration.  Finally, 1eq/OD600 
of 0.5mm glass beads are added to the lysed matrix and the solution is vortexed for 5min 
at 4ºC.  Nucleic acid extraction is performed routinely with highly selective and 
commercially available microbiology kits (see Section II.c).  Carbohydrate quantification 
is achieved with a total available carbohydrate analysis but separation can be difficult due 
to the ubiquity of carbohydrates and their diversity in form and chemical properties.  A 
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total, unextracted aliquot of lysed cells serves to provide a basis (maximum) for 
normalizing the methanogenic potential for each macromolecule family.  Following 
extraction, all groups would be subjected to fermentation by the same methanogenic 
culture.  Each experimental group contributes a fraction of the total methanogenic 
potential based on the bioavailability of the compounds, enzyme kinetics, and the demand 
of the macromolecules for homeostasis.  As an alternative to extraction, which usually 
requires extensive preparation and transformation of the initial samples, the concept of 
field-flow-fractionation, shown in Figure B.6 could provide sufficient separation of 
macromolecule groups57.  A steady flow of a miscible carrier solvent is mixed with a 
sample flow down a column such that the combined flow rate has a low Reynolds 
number and thus exhibits laminar flow.  When exposed to a separatory force such as a 
gravitational or electromagnetic force, the constituents of the sample will separate, 
whether by density or polarity57. 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300mM Tris, pH 7.6
100mM NaCl
1mM EDTA, pH 8
2% Triton x-100
1% SDS
AUTOLYSIS 
BUFFER
Table B.1 describes 
the components of an 
autolysis buffer for 
protein extraction, 
from Grunstein56.
Figure B.6 demonstrates the concept of field-flow-
fractionation.  This is a possible alternative to labor-
in tens ive sequen t ia l ex t rac t ions o f b io log ica l 
macromolecules.  Taken from PostNova57.
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A series of DNA extractions and PCR/purification was performed to prepare 
microbial samples for Illumina genomic sequencing.  Although the sequencing data have 
not yet been received from CUGI and analyzed, preliminary data regarding the purity and 
concentrations for each extraction are presented in Table B.2.  Ratios of sample 
absorbance at different wavelengths were used to determine protein extract purity.  A 
value of approximately 1.8 for A260/A280 suggests a pure DNA solution, versus about 0.6 
for a pure protein solution).  A260/A230 is a secondary purity measure, where a value of 
about 2 suggests a pure DNA solution.  Based on the A260/A280 ratios for all series, 
extractions were relatively pure.  However the A260/A230 ratios were all consistently low, 
which suggests that the DNA extraction kits used may contain compounds that exhibit 
absorptivity around 230nm; that the Nanodrop spectrophotometer (Thermo Fisher 
Scientific) used to detect the absorbance of the DNA extracts may require further 
calibration measures than setting an initial blank with nuclease-free water; or that the 
DNA extracts were not entirely pure.  However, the PCR amplification was successful 
which should minimize any interference from non-nucleic acid compounds.  Although 
samples are usually normalized to the same concentration prior to metagenomic 
sequencing in order to reduce bias, the purified amplicons were already similar in 
concentration and the normalization was deemed unnecessary. 
The aerobic versus anaerobic series of DNA extractions, shown in Table B.2 in 
white, are meant to provide insight into shifts in relative proportions of different 
microbial phyla over the course of leachate treatment and whether one atmospheric 
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condition yielded a more stable community over time — to infer a preference for aerobic 
or anaerobic degradation.  Future studies may corroborate these genetic studies with 
targeted HPLC, GC or mass spectrometry analyses to determine whether specific 
compounds in the leachate influence the stability of leachate communities under aerobic 
or anaerobic conditions, and to determine the community structure, i.e. how the microbes 
metabolize and interact with one another to create an ecosystem, which niches exist in the 
ecosystem and how they might be completed.  The second course of DNA extractions, 
seen in Table B.2 in grey, is meant to determine how certain treatments can select for 
specific phyla or even more specific delineations of microbes.  Specific inquiries should 
include determining which microbes are selected from the raw leachate community 
during aerobic treatment; whether specific microbes tend to resist lysis; the influence of 
oxygen availability on SA enrichment culture composition and stability; and the 
community composition of the DSE — specifically to determine which methanogenic 
pathways are dominant in the DSE genome.  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Sample Conc. (ng/µL)
A260 /
A280
A260 /
A230
Amplicon Conc.  
(ng/µL)
Aerobic  (T0) 29.4 1.91 0.2 26.2
Aerobic  (T3) 16 1.55 0.34 38.9
Aerobic  (T6) 18.4 1.62 0.5 31.8
Aerobic (T10) 13.6 1.73 0.37 41.2
Aerobic (T15) 36.9 1.13 0.51 46.6
Anaerobic (T0) 30.4 1.52 0.37 25.9
Anaerobic (T3) 19.1 1.87 0.38 28.6
Anaerobic (T6) 28.3 1.09 0.5 31.2
Anaerobic (T10) 12.1 1.53 0.15 31.8
Anaerobic (T15) 18.4 1.74 0.31 28.4
Towel 16.2 1.35 0.27 38.6
Raw Leachate 11.9 1.66 0.6 42.8
Treated 
Leachate 9.9 1.65 0.55 29.7
Boiled Treated 
Leachate 7.9 1.55 0.52 34.1
Sonicated 
Treated 
Leachate
8.4 1.59 0.50 31.2
Aerobic 
Salicylate 
Enrichment
11.6 1.49 0.54 34.7
Anaerobic 
Salicylate 
Enrichment
10.0 1.51 0.47 29.7
Digester Sludge 
Extract 7.9 1.60 0.47 42.5
DNA EXTRACTIONS AND AMPLICONS
Table B.2 lists the DNA extractions performed for 
genomic analysis of a landfill leachate microbial 
community.  Extractions in white cells were used to probe 
the stability microbial samples during treatment, whereas 
grey cells probe the effect of disruption methods on the 
microbiota; absorbance ratios — described in text; 
amplicon concentration — nucleic acid concentration after 
PCR and purification.
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